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Directly-modulated lasers (DMLs) have been the transmitter of choice for low-speed 
(≤2.5 Gb/s) cost-sensitive access networks, thanks to their cost-effectiveness, small 
footprint, high output power, and low driving voltage. The use of these attractive 
devices for the transmission of 10-Gb/s signals is challenging since their performance 
is mainly limited by the frequency chirp. The current modulation of DMLs is always 
accompanied by frequency modulation (FM), and consequently induces large 
frequency chirp, which limits the transmission distance over standard single-mode 
fiber (SSMF) to less than 10 km at 1550-nm window at 10 Gb/s and beyond. The 
limited transmission distance can be remarkably improved by making good use of the 
chirp-induced frequency modulation through the frequency-shift keying modulation 
of DMLs. The main problem in this scheme is, however, that DMLs exhibit highly 
non-uniform FM response at low frequencies (i.e., <10 MHz) which degrades the 
system performance.    
In this thesis, we employ DC-balanced line coding to deplete the low-frequency 
contents of the signal residing in the non-uniform FM response of the DML, such that 
only the flat region of the FM response at higher frequencies is utilized. In Chapter 3 
of this thesis, we investigate a variety of DC-balanced line codes, including 5B/6B, 
7B/8B, 8B/10B, 9B/10B, and 64B/66B, in a 10-Gb/s DML-based transmission system. 
Among the examined codes, 9B/10B exhibits the best performance. This is because it 
can greatly deplete the low-frequency contents of the signals, yet it expands the 




transmission of directly modulated 10-Gb/s signals over SSMF (dispersion-induced 
penalty was 2.5 dB) without any dispersion compensation.  
In Chapter 4, we demonstrate the generation of 10-Gb/s non-return-to-zero signals 
using a DML driven by 3.5-GHz-bandwidth electrical duobinary signals. This scheme 
greatly relieves the modulation bandwidth requirements of the DML. For example, it 
is expected that 40-Gb/s signals can be accommodated with a 14-GHz-bandwidth 
DML using this approach. We utilize 9B/10B line coding to overcome the non-
uniform FM response of the DML. Using the proposed transmitter, the generated 10-
Gb/s signals can travel up to ~20 km over SSMF at 1550 nm (2-dB dispersion 
penalty) without any dispersion compensation.  
In Chapter 5, we employ DC-balanced line coding, including 9B/10B and 8B/10B, 
to avoid the non-uniform FM response of the DML in the dual modulation-based 
electro-absorption modulated laser composed of a DML and an electro-absorption 
modulator. The DC-balanced line coding is effective in eliminating the performance 
degradation caused by the non-uniform FM-response of the DML in this system. 
However, the low overhead is essential to gain benefit from the line coding. Using 
9B/10B line coding, we are able to achieve 171 km transmission over SSMF without 
dispersion compensation.  
Finally, in Chapter 6, we apply DC-balanced line coding, including 8B/10B, 
5B/6B, 7B/8B, and 9B/10B, for the downstream modulation in a wavelength-shared 
wavelength-division-multiplexed passive optical network, which employs a 10-Gb/s 
DML and 2.5-Gb/s reflective semiconductor optical amplifier for downlink and 
uplink, respectively. The use of DC-balanced line coding has two purposes. First, it 




uniform FM response of the DML. Second, it greatly suppresses the interference 
between the downstream and upstream data, which in turn, remarkably improves the 
upstream performance. Among the tested line codes, 9B/10B line coding exhibits the 
best downlink performance providing sufficient power margins for downlink and 
uplink.  
The findings of this thesis will help in implementing 10-Gb/s optical access 
networks in a cost-effective manner by utilizing DMLs with suitable DC-balanced 
line coding. The use of line coding is beneficial for cost-sensitive access applications 
since it is a digital solution and can be applied to commercially available DMLs 
without the need to replace the deployed fiber links or the existing devices at the 
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Over the last decade, the tremendous growth in Internet traffic driven by high 
bandwidth applications such as video streaming, Internet telephony, high-definition 
television (HDTV), social networking and online gaming have greatly increased the 
bandwidth demands on optical access networks. These networks, which serve 
numerous residential and business users have not scaled up commensurately and have 
therefore become the major bottleneck for broadband services [1, 2]. Unlike long-haul 
and metro networks where higher cost can be tolerated by the service and volume, 
optical access networks require low implementation and operation costs to make the 
transmission technology viable. High-speed optical transmission systems (10 Gb/s 
and beyond) for cost-sensitive access applications have thereby attracted extensive 
research interest and great development efforts. A key enabler for these systems is the 
use of cost-effective transmitters able to meet the low-cost requirements of access 
networks. In this concept, directly modulated laser (DML)-based optical transmitters 
offer many advantages compared with other transmitter options using external 
modulators, such as electro-absorption modulators (EAMs) or Mach-Zehnder 
modulators (MZMs). Not only DMLs reduce component complexity and 
implementation cost by eliminating the need for external modulators, but they also 
offer small footprint, cost-effectiveness, and ease of integration, thanks to their 




require low driving voltage, compared to their external modulator-based counterparts 
[3, 5]. Therefore, they obviate the need for costly optical amplifiers and allow the use 
of low-cost drivers. 
DML merits notwithstanding, the modulation bandwidth of DMLs is typically 
limited to less than 20 GHz by the nonlinear gain effects and the carrier transport 
lifetime [5]. More importantly, the current modulation of DMLs always gives rise to a 
large frequency chirp, which in turn severely limits the transmission distance over 
widely deployed standard single-mode fiber (SSMF) at 1550 nm [4, 6]. Therefore, 
DMLs have mainly been used for low-speed (≤2.5 Gb/s), cost-sensitive applications. 
The remaining sections in this chapter address the motivation, objectives, and 
organization of this thesis. 
1.2 Research Motivation 
The operation of DMLs at 10 Gb/s and higher is challenging and faces two major 
problems: small extinction ratio (ER) and large frequency chirp. The intensity 
modulation (IM) in DMLs is always accompanied by phase modulation which in turn 
induces large frequency chirp [4, 6]. As a result, the pulse width is considerably 
broadened when propagating through SSMF at the 1550-nm window due to the fiber 
dispersion, leading to severe performance degradation under high-speed modulation 
[6, 7]. When the intensity-modulation-based DML is biased with a high bias current 
to minimize the transient chirp and to increase the modulation bandwidth, the ER 
should be reduced, otherwise the large current modulation required to achieve high 
ER would lead to a large frequency chirp [8]. Nevertheless, even with a limited ER, 
the adverse effects of the frequency chirp severely limit the transmission distance over 




achieved with DMLs is typically limited to below 10 km without dispersion 
compensation [6].  
Although several techniques have been proposed to combat the chirp effects, most 
of them require complex electrical or optical implementations [9-13] and some others 
require either replacing the installed fiber links with new types of optical fiber [8, 14-
16] or modifying the structure of the laser diode in order to exhibit low frequency 
chirp [17-19]. 
In this thesis, we utilize frequency-shift keying (FSK) modulation of DMLs to 
make good use of the frequency chirp at 10 Gb/s [20]. The major issue in this scheme 
is that the frequency modulation (FM) response of the laser diode is non-uniform at 
low frequency range (typically below 10 MHz), which results in a severe performance 
degradation [21, 22]. Most of the previously reported approaches to mitigate this 
problem require modifying the laser structure in order to exhibit highly flat FM 
response [23-25] or, otherwise, using either electrical or optical implementations that 
increase the system cost and complexity [26-29]. The use of DC-balanced line 
coding has also been proposed to overcome the non-uniform FM response of the 
DML by depleting the low-frequency spectral contents of the signal falling in the non-
uniform region of the DML FM response, and thereby only the flat region of the FM 
response at higher frequencies will be utilized [21, 30-33]. Not only the use of line 
coding offers a fully digital solution, but also it is also compatible with the device 
approaches, which require modifying the laser structure to achieve a flat FM response. 
In addition, line coding can alleviate the performance degradation induced by the non-
                                                            
 




uniform FM response without the need to replace the existing transmitters, fiber links, 
or receivers. In the previous studies, however, the proposed line codes induce large 
coding overheads, which in turn increase the bandwidth requirements for the 
transmission devices (e.g., drivers, DMLs, receivers) and make the system more 
susceptible to chromatic dispersion. In this thesis, we will investigate and evaluate 
various DC-balanced line coding formats for 10-Gb/s DML-based transmission 
systems.  
1.3 Research Objectives 
The objectives of this thesis are to: 
 Investigate the use of various DC-balanced line coding schemes to find a suitable 
code for 10-Gb/s directly modulated systems. The code should be able to alleviate 
the performance degradation associated with the non-uniform FM response of the 
directly frequency-modulated laser, yet it should not impose a large overhead on 
the data in order to maintain the bandwidth efficiency.  
 Utilize DC-balanced line coding to improve the performance of two DML-based 
optical transmitters: (1) DML-based transmitter driven by highly band-limited 
electrical duobinary signals aiming to alleviate the modulation bandwidth 
limitation of the DML, and (2) dually modulated electro-absorption modulated 
laser composed of a DML and an EAM. 
 Apply DC-balanced line coding to the downstream modulation in a single-fiber, 
wavelength-shared, loop-back wavelength-division-multiplexed (WDM) passive 
optical network (PON) which employs a 10-Gb/s DML and 2.5-Gb/s reflective 
semiconductor optical amplifier (RSOA) for downlink and uplink, respectively. 




performance of the downstream signals as well as suppressing the interference 
between the downstream and upstream signals. 
1.4 Thesis Organization 
This thesis consists of eight chapters organized as follows: 
Chapter 1: Introduction provides an overview of the thesis followed by the research 
motivation and objectives.  
Chapter 2: Literature Review reviews the relevant literature on DML-based 
transmission systems. First, Section 2.1 presents the key features and basic 
characteristics of DMLs. Second, the direct intensity modulation of DMLs is 
discussed in Section 2.2. In this section, we also review several schemes that have 
been proposed to mitigate the chirp problem associated with the intensity modulation 
of DMLs. Next, the FSK modulation of DMLs is covered in Section 2.3. This Section 
discusses several approaches reported to combat the performance degradation 
associated with the non-uniform FM response of the DML in these systems.  
Chapter 3: DC-Balanced Line Coding for 10-Gb/s Directly Modulated Lasers 
experimentally investigates the use of line coding to suppress the low-frequency 
contents of the signal in order to exploit only the uniform FM-response region of the 
DML. In this chapter, we examine various line codes to propose a code most suitable 
for 10-Gb/s directly modulated systems, such that it can maintain sufficiently low DC 
characteristics, yet it induces relatively small overhead.  
Chapter 4: Directly-Modulated Laser Driven by Low-Bandwidth Duobinary 
Signals introduces and experimentally demonstrates a DML-based transmitter driven 
by highly band-limited electrical duobinary signals to alleviate the modulation 




coding to avoid the performance degradation caused by the non-uniform FM response 
of the DML. 
Chapter 5: DC-Balanced Line Coding for the Dual Modulation of Directly 
Modulated Lasers and Electro-absorption Modulators proposes and 
experimentally demonstrates the use of DC-balanced line coding to enhance the 
performance of the dually modulated electro-absorption modulated laser (EML) 
which is composed of a DML and an EAM.  
Chapter 6:  DC-Balanced Line Coding for Downlink Modulation using DMLs in 
Bidirectional WDM PONs Using Remodulation proposes and demonstrates through 
experiment the use of DC-balanced line coding for a cost-effective implementation of 
wavelength-shared, single-fiber 10-Gb/s downlink, 2.5-Gb/s uplink WDM PON. We 
use DMLs and RSOAs for the downstream and upstream transmission, respectively. 
In this Chapter, we examine the use of simple and bandwidth-efficient DC-balanced 
line codes for downstream modulation to ameliorate the performance of both the 
downlink and uplink. 
Chapter 7: Conclusions and Future Works summarizes the research findings of 
this thesis and suggests future works. 
1.5 Contributions of the Thesis  
The contributions of the thesis are listed as follows. 
Chapter 3 
 We investigated the use of various DC-balanced line coding schemes for 10-Gb/s 
DML-based transmission systems to alleviate the performance degradation 




 We demonstrated the transmission of directly modulated 10-Gb/s signals over 65 
km of SSMF using 9B/10B line coding without any dispersion compensation. 
 We proposed a system setup to apply the proposed scheme for WDM systems.  
Chapter 4 
 We proposed a 10-Gb/s optical transmitter using a DML driven by highly band-
limited (3.5 GHz) electrical duobinary signals to relieve the modulation 
bandwidth requirements of the DML.  
 We demonstrated the proposed transmitter using two configurations: destructive-
port and constructive-port. Both configurations exhibited good receiver 
sensitivities and dispersion tolerance large enough to be used for optical access 
networks.  
 We achieved 20-km transmission over SSMF using the proposed transmitter with 
9B/10B line coding without any dispersion compensation.  
 We proposed a system setup to apply the proposed transmitter for WDM systems.  
Chapter 5 
 We employed DC-balanced line coding to eliminate the performance degradation 
caused by the non-uniform FM-response of the DML in the dual modulation-
based EML composed of a DML and an EAM.  
 We demonstrated the proposed transmitter using two configurations: push-pull 
and push-push.  
 Using the proposed scheme, we achieved 171-km transmission over SSMF with a 
long pseudo-random binary sequence (PRBS) length of 220-1 by utilizing 9B/10B 






 We demonstrated a cost-effective single-fiber single-wavelength 10-Gb/s 
downlink and 2.5-Gb/s uplink WDM-PON system using DMLs and RSOAs for 
downlink and uplink, respectively.  
 We applied DC-balanced line coding for the downstream modulation to alleviate 
the performance degradation associated with the non-uniform FM response of the 
DML and also to suppress the remodulation-induced crosstalk between the 
























2.1 Directly Modulated Lasers 
There are two common ways to superimpose a data stream onto a light beam: direct 
modulation, as shown in Figure 2.1 (a), and external modulation, as illustrated in 
Figure 2.1 (b). In direct modulation, the electrical current is directly driven into the 
laser diode resulting in a series of optical pulses. The laser diode switches between ON 
and OFF states for a logical 1 and 0, respectively. In an externally modulated system, 
on the other hand, an external modulator (e.g., MZM) modulates a continuous-wave 
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DML-based optical transmitters offer many advantages over external modulator-
based counterparts. Not only they reduce the system complexity and cost by 
eliminating the need for external modulators, but they also offer compactness, cost-
effectiveness, and ease of integration due to their semiconductor-based structure [3, 4]. 
DMLs also provide high output power and require low driving voltage, compared to 
their external modulator-based counterparts [3, 5]. Therefore, they obviate the need 
for costly optical amplifiers and allow the use of low-cost drivers. 
However, directly intensity-modulated lasers tend to have wider spectral width 
under high-speed modulation due to the frequency chirp [36]. The current modulation 
of the DML is always accompanied by FM and consequently induces a large 
frequency chirp [4, 6]. The interaction of the DML chirp with the dispersion of the 
conventional SSMF (e.g., Corning SMF-28 fiber) at 1550 nm severely limits the 
transmission distance at 10 Gb/s [6]. In addition, the modulation bandwidth of the 
DML is typically limited by the nonlinear gain effect and the carrier transport lifetime 
to less than 20 GHz [37].  
The intensity modulation in DMLs is accompanied by phase modulation due to 
the carrier-induced change in the refractive index governed by the linewidth 
enhancement factor   [6]. The phase modulation, in turn, causes a shift in the 
instantaneous frequency from the steady-state value ( 0 ). This time-dependent shift in 












where )(tP  is the output power of the laser diode and   is the adiabatic chirp 





2    (2.2)
where  is the optical confinement factor,  is the differential quantum efficiency, h is 
Planck’s constant,  is the optical frequency, and V is the volume of the active layer.  
The first term on the right-hand side of Eq. (2.1) characterizes the transient chirp 
(also called dynamic chirp) caused by the dynamics of electron-photon resonance [40]. 
The transient chirp represents the wavelength shift associated with the ON and OFF 
states. It dominates when the laser OFF state is close to the threshold, or if dtdP /  is 
large due to either a large output power swing or fast rise-time current pulses [4]. On 
the other hand, when the laser operates at far beyond the threshold current, its FM 
characteristics are mainly determined by the adiabatic chirp, which is described by 
the second term of Eq. (2.1). The adiabatic chirp corresponds to the steady-state 
emission frequency difference between the ON and OFF states and is linearly 
proportional to the output power difference between both states as observed from Eq. 
(2.1) [41]. The adiabatic chirp is caused by the nonlinear gain effects, such as carrier 
heating [42] and spectral hole burning [38, 43, 44].  
As a result of frequency chirping, the leading edge of the pulse undergoes a shift 
towards higher frequencies (i.e., blue shift), while the trailing edge shifts towards 
lower frequencies (i.e., red shift) [6]. Therefore, the pulse width is considerably 
broadened when propagating through 1550-nm SSMF due to fiber dispersion and the 




severely degrades the performance of the optical transmission system [6, 7, 36]. The 








































































































(a) (b) (c)  
Figure  2.2: Illustration of pulse distortion induced by the interaction between the fiber 
dispersion and (a) adiabatic chirp, (b) transient chirp, and (c) combined adiabatic and 
transient chirp, based on [45]. 
 
Due to the adiabatic chirp, the laser frequency increases with the optical power as 
shown in Figure 2.2 (a). When the dispersion coefficient of the fiber is positive, which 
is the case in SSMF at the 1550-nm window, the rising edge travels faster than the 
falling edge. Therefore, in the output pulse, the rising time is decreased resulting in an 
overshoot, while the falling time is increased as illustrated in Figure 2.2 (a). In Figure 
2.2 (b), only the transient chirp is considered, and thus, frequency deviations occur at 




pulse while the falling edge propagates slower, and consequently, the pulse is 
broadened. It is worth noting that because the transient chirp is proportional to the 
derivative of the natural logarithm of the pulse power as shown in Eq. (2.1), it is 
thereby strongly sensitive to the pulse slopes. As a result, the distorted output 
waveforms may be considerably different for supposedly similar input waveforms 
[45]. Figure 2.2 (c) shows the combined effects of transient and adiabatic chirp.  
An important measure of the performance of optical transmission systems is the 
bit rate-distance (BL) product, which describes the maximum fiber length (L) that can 
be used at a given bit rate B. For a directly modulated distributed-feedback (DFB) 
laser, the maximum transmission distance is limited by [6] 
L < |4BDsλ|-1   (2.3)
where D is the dispersion parameter and sλ is the root mean square (RMS) width of the 
pulse spectrum broadened by the frequency chirp. Assuming D = 16 ps/nm/km and sλ 
= 0.15 nm, DML-based optical transmission systems operating at 10 Gb/s are limited 
to a transmission distance of ~10 km over SSMF at 1550 nm without any dispersion 
compensation.  
2.2 Directly Intensity-Modulated Lasers 
As aforementioned in Chapter 1, directly intensity-modulated lasers at 10 Gb/s and 
beyond suffer from two major problems: small ER and large frequency chirp. The 
current modulation of the DML is always accompanied by FM and consequently 
induces large frequency chirp. When the DML is biased with a high bias current to 
minimize the transient chirp and increase the modulation bandwidth, the ER should be 




lead to a large frequency chirp [8]. Nevertheless, even with a limited ER, the adverse 
effects of the frequency chirp severely limit the transmission distance over SSMF at 
1550 nm. As mentioned in Section 2.1, at 10 Gb/s, the transmission distance that can 
be achieved with DMLs is typically limited to ~10 km without dispersion 
compensation.  
The remaining parts of Section 2.2 provide an overview of various methods 
reported to combat the frequency chirping in DMLs. We categorize these approaches 
as either device-based or system-based approaches. The latter category includes 
precompensation at the transmitter, postcompensation at the receiver, and optical 
compensation approaches. 
2.2.1 Device Approaches 
As stated in Section 2.1, the origin of chirp in semiconductor lasers is originated 
from the carrier-induced index changes governed by the linewidth enhancement factor, 
α [6]. Unfortunately, this factor cannot be eliminated in semiconductor lasers, 
although it can be reduced by a factor of about 2 by employing a multiquantum-well 
(MQW) structure [17-19]. For example, α value for MQW DFB lasers is about 3 at 
1550 nm compared to approximately 5-6 for conventional DFB lasers resulting in a 
nearly twofold improvement in the transmission distance for MQW DFB lasers [4]. A 
further reduction in α can be achieved using strained MQW lasers [46]. These lasers 
exhibit low frequency chirp under direct modulation even at bit rates as high as 10 
Gb/s [6].  
Nevertheless, such device approaches require modifying the laser structure in 




Alternatively, several other system approaches have been proposed to alleviate the 
chirp effects which are covered in Section 2.2.2. 
2.2.2 System Approaches  
2.2.2.1 Precompensation at the Transmitter 
In these approaches, the characteristics of the input pulses are modified in the 
electrical domain at the transmitter side to combat the chirp effects before the pulses 
are launched into the fiber link [6, 47, 48].  
The interplay between the positive chirp of DMLs and the positive dispersion of 
conventional SSMF deteriorates the optical signal and limits the maximum achievable 
transmission distance [49]. This is because when a pulse with a positive chirp travels 
through an SSMF, the blue-shifted leading edge of the pulse advances relative to the 
main portion of the pulse, resulting in a considerable pulse broadening and significant 
chirp-induced power penalty due to inter-symbol interference (ISI) [6, 49]. Electronic 
precompensation (also called prechirping) techniques thereby take advantage of the 
linearity of the fiber dispersion in the optical domain in order to delay the spreading 
of the bit into adjacent slots by arranging for the light in the leading edge of the pulse 
to have lower frequency than that in the trailing edge of the pulse as shown in Figure 
2.3.  
By prechirping the pulse in this manner, low-frequency light in the leading edge 
propagates slower resulting in pulse-width compression. In other words, the low-
frequency light in the leading edge should pass through the entire pulse slot before it 
starts impinging on the trailing pulse and causing errors [50]. 
In [11], the concept of electronic prechirping was adopted for 10-Gb/s DML 




processing unit. Even though transmission over 190-km SSMF was demonstrated 
using this scheme, it considerably increases the implementation complexity and cost. 
A major difficulty with this method is that each transmitter has to be adjusted 
depending on the span length.  
c) Received optical 
waveform
a) Prechirped optical 
waveform

















Figure  2.3: Principle of electronic precompensation (or prechirping) at the tranmitter 
[51].  
 
2.2.2.2 Postcompensation at the Receiver 
Another way to alleviate the chirp effects is to include electronic dispersion 
compensation (EDC) at the receiver to mitigate the dispersion without foreknowledge 
of the fiber length or other span characteristics. This makes EDC especially attractive 
for networks with dynamic wavelength routing, in which the optical path length may 
change when wavelengths are rerouted [10]. Therefore, EDC can provide an adaptive 
solution suitable for integration with other receiver functions [52].  
In [10], the implementation of an EDC using feed-forward equalizer (FFE) was 
demonstrated, achieving 100% reach improvement using a 10-Gb/s DML source. Few 
other studies have also studied electronic equalization using FFE and decision-
feedback equalizer (DFE) at the receiver end for 10-Gb/s systems based on DMLs [9, 
12]. Figure 2.4 shows the structure of FFE/DFE EDC.  




the loss of the optical phase information after direct detection of intensity modulated 
signals limits the amount of dispersion that can be effectively compensated [53]. 
Another difficulty in these techniques is that they require electronic logic circuits, 
which should operate at a speed as high as the data rate, whose complexity increases 
exponentially with the number of bits over which an optical pulse has spread due to 
the chirp effects [50].  
 
Figure  2.4: Feed-forward decision feed-back equalizer structure (FFE/DFE) [54]. TB 
and Tc indicate 1-bit delay stages.  
 
2.2.2.3 Optical Compensation 
In contrast to the electrical compensation techniques at the transmitter or receiver 
described above, the frequency chirping can be alleviated in the fiber span by 
employing negative dispersion fibers (NDFs) or dispersion compensation modules 
(DCMs). 
a) Negative Dispersion Fiber 
As stated earlier, the interaction between the positive chirp of DMLs and the positive 




maximum achievable transmission distance. In [15], a nonzero dispersion-shifted 
fiber (NZDSF) with a negative dispersion (e.g., Corning MetroCor fiber) was 
introduced to take advantage of the positive chirp characteristics of the DML and to 
enhance the transmission distance without the need for dispersion compensation. Over 
such NDF, the blue-shifted leading edge has a smaller group velocity than the red-
shifted components resulting in pulse compression and significant transmission 
performance improvement [49]. Figure 2.5 shows the dispersion characteristics of 
MetroCor fiber which has a zero dispersion wavelength at 1630~1640 nm and an 
average dispersion of about -3 and -8 ps/nm/km in the L- and C-bands, respectively. 
The loss, the dispersion slope, and the effective area of this fiber are compliant with 
the ITU-T’s G.655 standard [49].  
With 2.5 Gb/s DMLs, MetroCor fibers can achieve up to four times the distance 
achieved over SSMFs at 1550 nm [14, 15]. In [16], the use of MetroCor fiber was 
demonstrated for the transmission of 10-Gb/s directly modulated signals over 100-km 
fiber. Chung et al. proposed the use of an NDF with a small dispersion of -2.5 
ps/nm/km at 1550 nm to further extend the transmission distance. By using this fiber, 
they reported the transmission of directly modulated 10-Gb/s WDM signals over 320 
km without dispersion compensation [8].  
Nevertheless, replacing the existing fiber links, which are commonly deployed 
using SSMF, with new types of optical fiber would involve exorbitant costs, 
especially that NDF is generally 70-80% more expensive than conventional SSMF, 
which remains the most economic choice for metro and access networks [55, 56]. In 
addition, the future systems may require fiber links that can be compensated using 




NDF, they cannot be used in those systems which utilize an NDF as the transmission 
medium [56]. Therefore, other solutions to combat the frequency chirp are required 
for the large installed base of standard fibers.  
 
Figure  2.5: Dispersion characteristics of MetroCor and SMF-28 fibers [49]. 
 
b) Dispersion-Compensating Fibers  
For long-haul systems, accumulative dispersion can be compensated along the 
deployed fiber transmission line in a periodic fashion [6]. A special kind of fiber with 
a negative dispersion, known as dispersion-compensating fiber (DCF), was developed 
for such purpose [57-59]. Therefore, adding a DCF module (comprising 6-8 km of 
DCF) to optical amplifiers spaced apart by 60~80 km, as illustrated in Figure 2.6, 
offers a practical solution to upgrade the terrestrial optical transmission systems while 
making use of the existing SSMFs [13, 60]. These modules have found widespread 
application to extend the operating distance, with more than 10,000 modules installed 




However, such DCMs are cost-prohibitive for access and metro systems since a 
DCF may cost as much as the fiber for which it provides compensation [15, 56]. 
These modules also increase the complexity of the network design since each DCM 
should be located to ensure a proper compensation [56]. They are also bulky due to 
the large bending loss. Another problem with DCFs is that they exhibit relatively high 
loss (attenuation coefficient  = 0.4~0.6 dB/km) and thus the insertion loss of a DCF 
module typically exceeds 5 dB. In addition, due to the relatively small diameter of 
DCFs, the effective mode area is only ~20 m2. In consequence, the nonlinear effects 
are considerably enhanced due to the high optical intensity inside the DCF at a given 







Figure  2.6: Typical transmission system with a DCF module. 
 
2.3 FSK Modulation of DMLs  
The methods reviewed in Section 2.2 to mitigate the chirp effects in DML systems 
including transmitter- and receiver-based electronic compensation [9-12] and optical 
compensation [8, 13, 15, 16, 60] require either electrical or optical implementations 
that increase the system complexity and cost. In particular, replacing the existing fiber 
links, which are widely deployed using SSMF, with NDFs would involve huge costs. 
On the other hand, the device-based approaches require modifying the laser structure 




In addition to direct intensity modulation, however, semiconductor lasers have 
direct frequency modulation capability [20, 61]. The FSK modulation of DMLs takes 
advantage of the frequency chirp and can improve the dispersion-limited transmission 
distance [62]. It can be realized by driving the DML with a bias current far above the 
threshold and adding a relatively small modulation current [22]. This scheme requires 
an FM to IM converter either at the transmitter or the receiver, which can be a narrow 
optical filter or a delay interferometer (DI) [63].  
However, the main problem in this approach is that DMLs exhibit highly non-
uniform FM response at low frequencies (typically below 10 MHz), which results in a 
severe performance degradation [64]. The modulating injection current causes a 
change in both temperature and carrier density in the active layer, which in turn 
causes a change in the refractive index, affecting the oscillation frequency [64]. The 
thermal effect is dominant at low frequencies (below ~10 MHz) while the carrier 
density-induced FM exhibits a flat response from DC to several GHz. The overall FM 
response of the laser diode then becomes non-uniform at low frequencies with a 
frequency dip at ~1 MHz as illustrated in Figure 2.7 [20, 64].  
This non-uniform FM response results in a severe pattern dependency [21, 22]. 
For example, when PRBS with a length of 27-1 is used at 10 Gb/s, the signal has its 
lowest frequency component at 78.7 MHz (= 10 GHz/127), which is well beyond the 
non-uniform region in the FM response of the DML (i.e., below 10 MHz). 
Consequently, the signal only utilizes the uniform region of the DML FM response. 
However, as the pattern length increases, the spectral spacing becomes narrower, and 




uniform FM response. Since a short PRBS cannot represent real data, the pattern 





















Figure  2.7: Typical FM response of a laser diode at low-frequency range, based on 
[64] 
 
The following subsections introduce several approaches that have been reported to 
mitigate the non-uniformity of the DML FM response. 
2.3.1 Device Approaches 
The most straightforward solution to the non-uniform FM response problem is to use 
a laser diode with a flat FM-response such as multi-electrode DFB lasers [23-25]. In 
such devices, the lasing frequency can be controlled by adjusting the current ratio 
applied to the electrodes (i.e. selective current injection) to obtain sufficiently non-
uniform field distribution in order to realize a flat FM response.  
These devices, however, require correct bias current to each electrode and correct 
relative amplitude and phase relationship between the modulation currents to the 




complexity [65]. In addition, simple line coding techniques in combination with 
conventional DFB lasers, for instance, were found to be nearly as a powerful solution 
as the use of three-electrode DFB lasers [66].  
Section 2.3.2 focuses on system approaches to counteract the performance 
degradation associated with the non-uniform FM response of the DML without the 
need to replace the conventional lasers with new ones having modified structure and 
characteristics.  
2.3.2 System Approaches  
2.3.2.1 Electrical Equalization at the Transmitter 
Unlike in the device approaches described in Section 2.3.1, the non-uniform FM 
response of the DML can be mitigated by shaping the electrical driving signal at the 
transmitter. For example, Saito et al. have implemented an electrical circuit, by means 
of an electrical high-pass filter (HPF), to equalize the laser driving signal in order to 
suppress the large frequency deviation at low frequencies, and hence realize uniform 
FM modulation characteristics [26].  
Electrical equalization circuits to shape the laser driving signal were also 
demonstrated in other studies [27, 28]. However, such equalization circuits should be 
adjusted depending on the device FM characteristics, which increase the transmitter 
complexity. These techniques are also based on analog circuits and thus they do not 
take advantage of the digital mass production. 
2.3.2.2 Optical Filtering  
Optical filtering has been widely used to narrow the signal spectrum and increase the 
spectral efficiency in external modulator-based transmission systems [67, 68]. Optical 




narrowing the broadened spectrum and converting chirp-induced FM into useful 
amplitude modulation (AM) [29, 69].  
In [29], asymmetric narrowband optical filtering (3-dB bandwidth ~0.3 nm) was 
used to double the reach of DMLs in a 10-Gb/s WDM system without dispersion 
compensation. Figure 2.8 illustrates the concept of this scheme for directly modulated 
systems.  
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Figure  2.8: Conceptual diagram of asymmetric narrowband optical filtering in directly 
modulated systems [29]. 
 
Unlike in the external modulation case, there are many unwanted frequency 
components in the broadened spectrum of DMLs. Therefore, optical filtering with a 
bandwidth narrower than that of the broadened spectrum can remove these frequency 
components as shown in Figure 2.8 [29]. In addition, optical filtering can increase the 
ER by suppressing low driving current-induced frequency components. Since the 
chirp-induced spectrum broadening is not symmetric in directly modulated systems, 




and particularly when this approach is implemented in WDM systems, a filter is 
required for each channel which increases the system cost and complexity.  
Another approach that employs optical filtering to overcoming the limitations of 
DMLs and enhancing their transmission distance is described in [70]. This approach 
[known as chirp-managed laser (CML)] utilizes a DML followed by an optical 
spectrum reshaper (OSR) filter operating at its transmission edge to reshape both the 
amplitude and the instantaneous frequency profiles of the input pulses as depicted in 




















Figure  2.9: Principle of operation of CML [70]. PD: photodiode. 
 
The laser wavelength is aligned on the transmission edge of the OSR, so that the 
blue-shifted ‘1’ bits can pass while the red-shifted ‘0’ bits are attenuated. This FM to 
AM conversion increases the ER at the output of the OSR as illustrated in Figure 2.9. 




relatively narrow optical spectrum. Using this approach, a transmission distance of up 
to 250 km over SSMF was reported at 10 Gb/s without dispersion compensation [71]. 
In this scheme, however, a locking circuit composed of two photodiodes is required to 
lock the DML wavelength to the transmission edge of the OSR, which makes the 
concept more complex.  
2.3.2.3 DC-Balanced Line Coding 
When non-return-to-zero (NRZ) direct modulation is utilized, the thermal modulation 
of the laser causes drifts in the optical frequency during long strings of zeros or ones. 
The resulting baseline wander in the received signal leads to erroneous detection for 
long PRBS lengths [72]. Since DC-balanced formats contain low or no DC 
components, the laser temperature stays constant even during long strings of NRZ 
ones and zeros. Therefore, by using DC-balanced coding, the low-frequency contents 
of the signals can be depleted as shown in Figure 2.10, and hence only the uniform 
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Figure  2.10: Schematic of RF spectra of (a) uncoded signal, and (b) signal coded with 
a DC-balanced line coding. 
 
Few studies have shown the effectiveness of line coding techniques such as 
Manchester coding [33] and alternate mark inversion (AMI) [30-32] in overcoming 




Manchester coding provides a transition in the center of every bit as illustrated in 
Figure 2.11 (a), and hence this coding induces 100% bandwidth increase as two 
signals are used to transmit a single bit. 
In AMI coding, the binary 0 is represented by zero voltage and the ones are 
represented alternately by positive and negative pulses as shown in Figure 2.11 (b). 
Therefore, AMI coding provides 50% bandwidth increase as a ternary symbol is used 
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Figure  2.11: Illustration of (a) Manchester coding, and (b) AMI coding. 
 
Recently, Baroni et al. have proposed the use of 8B/10B line coding to ameliorate 
the performance degradation induced by the non-uniform FM response of the DML 
[21]. The 8B/10B coding translates each source byte into a predefined 10-bit 
codeword with a maximum run length of 5 and a disparity of either 0 or ±2 in each 
10-bit codeword. The run length is defined as the number of identical contiguous ‘1’s 
or ‘0’s which appear in the signal stream and the disparity is the difference between 
the number of 1’s and 0’s in the codeword. Since the disparity is bounded, the 8B/10B 
code is DC-balanced, i.e., provides a low DC content [73]. However, 8B/10B coding 




transmission devices (e.g., drivers, DMLs, receivers) and makes the system 56% (= 
1.252-1) more vulnerable to fiber dispersion.  
2.4 Summary 
In this chapter, we have explored the literature related to DMLs. We first reviewed the 
basic characteristics and limitations of DMLs in Section 2.1. Section 2.2 is focused on 
directly intensity modulated lasers and their chirp-induced limitations. This section 
covers a verity of techniques proposed to mitigate the frequency chirp in intensity 
modulation-based DMLs. Section 2.3, concerns FSK modulation in DMLs which 
makes good use of the chirp-induced frequency modulation in DMLs. This scheme, 
however suffers from severe performance degradation associated with the non-
uniform FM response of the laser diode. Several methods reported to combat this 
issue are introduced in this section. DC-balanced line coding can provide cost-
effective and efficient way to alleviate the degradation caused by the non-uniform FM 
response. From the next chapter onwards, we will focus on the use of simple and 
bandwidth-efficient DC-balanced line codes to improve the performance of DML-












Chapter 3  
DC-Balanced Line Coding for  




As aforementioned in Section 2.2, the intensity modulation in DMLs is always 
accompanied by phase modulation which in turn causes a large frequency chirp 
resulting in a considerable pulse broadening and significant chirp-induced power 
penalty after transmission over dispersive fiber [4, 6]. On the other hand, FSK 
modulation of DMLs makes good use of the frequency chirp and can improve the 
dispersion-limited transmission distance of DMLs [62]. But the main problem in this 
approach, as discussed in Section 2.3, is that DMLs exhibit highly non-uniform FM 
response at low frequencies resulting in a significant performance degradation [21, 
64]. Section 2.3 reviewed several approaches that have been reported to combat this 
problem. Recently, Baroni et al. have proposed the use of 8B/10B DC-balanced line 
coding to deplete the low-frequency spectral contents of the signal in order to utilize 
the uniform region of the laser FM response only [21]. However, this line coding has 
a relatively large overhead of 25%, which requires 25% larger bandwidth for the 
transmission devices (e.g., drivers, DML, receiver) and makes the system 56% 
(=1.252-1) more vulnerable to fiber dispersion. 
In this chapter, we experimentally investigate the use of various DC-balanced line 
coding schemes, including 8B/10B, 5B/6B, 7B/8B, 9B/10B, and 64B/66B to find a 
suitable code for 10-Gb/s directly modulated systems in terms of performance and 




into account to accurately assess the performance. Additionally, the target BER in [21] 
was 10-6 whereas it is 10-9 in our experimental demonstration. This chapter is 
structured as follows. We introduce the basic characteristics of the examined line 
codes in Section 3.2. The experimental setup employed to evaluate the performance of 
the coding formats is described in Section 3.3, while the experimental results are 
reported and discussed in Section 3.4. A short summary of this chapter is presented in 
Section 3.5.  
3.2 DC-Balanced Line Coding 
The 8B/10B, 5B/6B, 7B/8B, and 9B/10B codes are based on mapping blocks of data 
into predefined codewords that satisfy the run length and disparity constraints as 
defined in the coding lookup tables of each line coding. As defined in Chapter 2, the 
run length is the number of identical contiguous ones or zeros in the signal stream and 
the disparity is the difference between the number of ones and zeros in the codeword. 
For example, 8B/10B line coding maps each source byte into a predefined 10-bit 
transmission pattern with a maximum run length of 5 and a disparity of either 0 or ±2 
[73]. Similarly, the 9B/10B code translates 9 bits of data into a 10-bit codeword, with 
a maximum run length of 7. The permitted disparity in each 10-bit codeword is 0, ±2 
and ±4. Running disparity control is used to maintain this DC balance by which the 
transmitter keeps track of the running disparity [74]. The 5B/6B and 7B/8B codes 
map 5-bit and 7-bit blocks into predefined 6-bit and 8-bit codewords, respectively [73, 
75]. More details about the construction of these codes are found in Appendices A 
through D.  
Unlike the codes described above, 64B/66B coding is not based on mapping 64-




using a self-synchronous scrambler of polynomial x58 + x39 + 1, and then a 2-bit 
preamble is added (‘01’ if the scrambled block is only data and ‘10’ if it is only 
control or a mix of data and control) [76]. The 64B/66B code has an overhead of only 
3.12% but at the expense of poorer transition density and longer run length compared 
to the mapping codes described above. Table 3-1 summarizes the basic characteristics 
of the line codes examined in this chapter. The line rate is defined as the total 
transmission data rate including the overhead. 
Table  3-1: Basic characteristics of the utilized line codes 
 8B/10B 5B/6B 7B/8B 9B/10B 64B/66B PRBS (220-1) 
Overhead (%) 25.00 20.00 14.29 11.11 3.12 0.00 
Line rate (Gb/s) 12.44 11.94 11.37 11.06 10.26 9.95 
Maximum run 
length 5 6 7 7 64* 20 
Disparity per 
codeword 0 or ±2 0 or ±2 0, ±2 or ±4 0, ±2 or ±4 64** N/A 
* The maximum run length is 64 when the input block to the 64B/66B encoder is a sequence of zeros. 
However, when the input is a PRBS of length 2n-1, the maximum run length is ~n. 
** When the input block to the 64B/66B encoder is a sequence of zeros. 
3.3 Experimental Setup 
The experimental setup to evaluate the performance of the DML-based transmission 
system using different line codes is depicted in Figure 3.1. We generate line-coded 
data at a personal computer and then port them to a pulse pattern generator. A 220-1 
PRBS is used as an input to the offline encoder throughout the experiment. The 
generated signals are fed to a commercial butterfly-packaged DML (NEL 
NLK5C5EBKA) operating at 1549.2 nm. We measure the light power versus input 
current (L-I curve) characteristics of the DML at 20C and plot in Figure 3.2. As 





Figure  3.1: Experimental setup to evaluate the performance of DC-balanced line 
coding in a DML-based transmission system. The photo shows the DML used in this 
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Figure  3.2: The light power versus input current (L-I curve) characteristics of the 
utilized DML at 20C.  
 
The DML is biased at 60 mA (~6 times the threshold current to make the adiabatic 
chirp dominant over the transient chirp), obtaining an output power of 5.3 dBm. We 
also measure the frequency response of the DML at these operating conditions as 
shown in Figure 3.3. The DML has a relaxation resonance frequency at around 18 







































Figure  3.3: Measured frequency response of the DML used in the experiment.  
 
The FSK-modulated signal at the DML output, the optical spectrum of which is 
plotted in Figure 3.4 (a), is sent to a DI to be converted into continuous-phase 
FSK/amplitude-shift keying (CPFSK/ASK) signal. Figure 3.4 (b) shows the optical 

















Figure  3.4: Optical spectra measured at the output of (a) DML, and (b) DI. 
 
The wavelength response of the DI employed in the experiment is shown in 
Figure 3.5. The figure shows that the free spectral range (FSR) (i.e., the wavelength 
spacing between two successive peaks) is 10.7 GHz. To be noted that the poor ER in 
Figure 3.5 is due to the limited resolution bandwidth of our optical spectrum analyzer 




which results in a better dispersion tolerance compared to the case where the spaces 
are suppressed. The CPFSK-ASK signals at the DI output have a 3-dB bandwidth of 
7.7 GHz and optical power of 0 dBm. These signals are then launched into an SSMF 
and detected with a PIN receiver. 
It is worth noting that the DI can be alternatively placed at the receiver. However, 
when it is placed at the transmitter, the receiver implementation can be simpler. In 
addition, this implementation can be beneficial for WDM systems thanks to the 
periodicity of the DI frequency response, which allows us to use a single DI for all the 
























Figure  3.5: Wavelength response of the DI used in the experiment. 
 
We optimize the DML driving voltage. Figure 3.6 shows the measured receiver 
sensitivity at a BER of 10-9 (i.e., the minimum received optical power required to 
achieve a BER of 10-9) as a function of the peak-to-peak driving voltage. In this 
measurement, we utilize 27-1 PRBS at 9.95 Gb/s. The optimum driving voltage is 
found to be 1.28 Vpp in this case. This optimum driving voltage remains unchanged 




Since the FM efficiency of the DML is measured to be 0.184 GHz/mA, the frequency 
deviation between the mark and space of the FSK signal at the DML output is 4.7 
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Figure  3.6: Receiver sensitivity as a function of the peak-to-peak driving voltage to 
the DML measured with uncoded 27-1 PRBS at 9.95 Gb/s.  
 
3.4 Experimental Results 
Figure 3.7 shows the back-to-back BER curve using each line code operating at its 
corresponding line rate. Also plotted are the BER curves using uncoded PRBS with 
lengths of 27-1, 215-1, and 220-1 for comparison.  
The measured receiver sensitivities for the line-coded signals range from -19.3 to -
16.9 dBm except for the 64B/66B-coded signal where an error floor is observed at 
around 10-8. This should be attributed to the little depletion of the low-frequency 
signal content by the 64B/66B line coding as evident in the RF spectra of the coded 
signals plotted in Figure 3.8 and 3.9. Unlike the other line codes, 64B/66B [Figure 3.8 




content of the signal compared to uncoded 220-1 PRBS [Figure 3.8 (a)]. Nevertheless, 
in Figure 3.7, 64B/66B coding exhibits more than an order-of-magnitude 
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Figure  3.7: Back-to-back BER curves of the line-coded signals at their corresponding 
line rates. Also plotted are the BER curves using uncoded PRBS with lengths of 27-1, 
215-1, and 220-1 for comparison. If not stated otherwise, the PRBS length used in these 
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Figure  3.8: Measured RF spectra of (a) uncoded 220-1 PRBS, (b) 64B/66B, (c) 
9B/10B, (d) 7B/8B, (e) 5B/6B, and (f) 8B/10B signals. The PRBS length used in these 





Figure 3.7 shows that 9B/10B exhibits the best receiver sensitivity among the five 
examined line codes. This is because this line coding greatly depletes the low-
frequency spectral content of the signal as evident in Figure 3.8 (c) and Figure 3.9, yet 
it has a small overhead of 11.11%. The receiver sensitivity using 9B/10B line coding 
is measured to be -19.3 dBm, which is only ~0.7 dB worse than that using 27-1 PRBS. 



























Figure  3.9: Measured RF spectra of the coded and uncoded signals at low-frequency 
range (<50 MHz).  
 
The BER measurements using different PRBS lengths also show the importance 
of the absence of low-frequency spectral contents of the signals. For example, the 
receiver sensitivity using 27-1 PRBS is -20.0 dBm whereas it is measured to be -15.0 
dBm for 215-1 PRBS and a poor BER of 510-6 is observed at a received signal power 
of -15 dBm with 220-1 PRBS. This is because the lowest spectral tone using 27-1 
PRBS is located at 78.37 MHz (= 9.953 Gb/s / 127), which is much higher than the 




DML FM response. However, 215-1 and 220-1 PRBSs have their lowest spectral tones 
at 304 kHz and 9.5 kHz, respectively. Therefore, they suffer performance degradation 
induced by the non-uniform FM response of the DML at low frequencies. 
It is interesting to note that when we utilize different line codes, the line rate 
varies with the overhead. For fair comparison among the line codes with different line 
rates, we should thereby optimize the bandwidth of the electrical and optical devices 
for each line coding. Due to the limitation of our experimental setup, however, we 
utilize the same devices with all the line codes. Therefore, we measure the receiver 
sensitivity penalty incurred by the limitation of the experimental setup. To this end, 
we measure the sensitivity penalty using 27-1 PRBS as we increase the data rate from 
9.95 to 12.44 Gb/s and plot in Figure 3.10. The penalties are plotted with reference to 
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Figure  3.10: Receiver sensitivity penalty as a function of the data rate measured with 
27-1 PRBS. 
 
The results show that the penalty increases with the data rate. For example, a 




attributed to (1) data-rate increase, (2) delay-to-line rate mismatch of the DI, and (3) 
implementation imperfection (e.g., caused by using a fixed bandwidth amplifier). To 
see the contribution of these effects, we analyze the penalty caused by the data-rate 
increase and the delay-to-line rate mismatch using a theoretical calculation and 
computer simulation, respectively. As the data rate increases, the received signal 
power should increase with the data rate to maintain the signal-to-noise ratio (SNR). 
Therefore, the penalty due to the data-rate increase (solid line in Figure 3.10) is 
proportional to the data rate. The relative delay between the two arms of the DI 
utilized in this experiment is 93.5 ps, which best matches to 10.7-Gb/s signals. 
However, when the line rate deviates from this number, a sensitivity penalty is 
incurred. The computer simulation (VPI TransmissionMaker) shows that a penalty of 
0.4 dB is expected when 12.44-Gb/s signals are used with the 93.5-ps DI. Therefore, 
Figure 3.10 shows that the penalty of 3.1 dB for 12.44-Gb/s signal can be broken 
down into 1.0 dB by the data-rate increase, 0.4 by the delay-to-line rate mismatch, and 
1.7 dB by implementation imperfection.  
It is interesting to note that in Figure 3.7 the sensitivity penalties of the line-coded 
signals with respect to the sensitivity of 27-1 PRBS are smaller than the results of 
Figure 3.10. For example, the sensitivity penalty of 12.44-Gb/s 8B/10B-coded signal 
is measured to be 2.1 dB in Figure 3.7 but the sensitivity penalty of 12.44-Gb/s 27-1 
PRBS is 3.1 dB in Figure 3.10. This implies that even 27-1 PRBS is a little affected by 
the FM dip of the DML and the line coding is very effective in utilizing the flat FM 
response region only. This can be also explained by the sensitivity improvement of 
the line-coded signals over 27-1 PRBS when the line coding is applied at 9.95 Gb/s 




signals result in a sensitivity improvement of 0.2 dB with respect to 9.95-Gb/s 27-1 
PRBS.  
  Figure 3.11 illustrates the optical eye diagrams measured at the DI output. The eye 
diagrams for 27-1 PRBS, 5B/6B, 7B/8B, 8B/10B and 9B/10B show clear eye opening, 
while 220-1 PRBS and 64B/66B show degraded eye diagrams with scattered dots in 
the middle of the eyes. The ER is measured to be 9~10 dB for all the cases. 
(a) PRBS 27-1 (b) PRBS 220-1
(g) 8B/10B(e) 7B/8B
(d) 9B/10B(c) 64B/66B
20 ps/div 20 ps/div20 ps/div 20 ps/div
20 ps/div 20 ps/div
(f) 5B/6B
20 ps/div  
Figure  3.11: Optical eye diagrams of (a) uncoded 27-1 PRBS, (b) uncoded 220-1 PRBS, 
(c) 64B/66B, (d) 9B/10B, (e) 7B/8B, (f) 5B/6B, and (g) 8B/10B signals measured at 
the DI output. If not stated otherwise, the PRBS length used in these measurements is 
220-1. 
 
The dispersion tolerance of the line-coded signals is measured using SSMF. 
Figure 3.12 shows the receiver sensitivity versus the transmission distance. The 
results for 64B/66B are not included because we are not able to achieve a BER of 
<10-9 even at the back-to-back case.  
The results in Figure 3.12 show a couple of decibels improvement in receiver 
sensitivity after 15-km transmission. This is because of the duobinary-like phase 
characteristics of the generated CPFSK-ASK signals [63, 77]. Since the frequency 
deviation between the mark and space at the DML output is equal to half the line rate, 




The difference between duobinary and CPFSK-ASK signals is that duobinary has an 
abrupt π phase jump at the center of the space whereas CPFSK-ASK has a smooth 
phase shift over the bit duration of the space [77]. Only with 9B/10B and 7B/8B 
coding, we successfully transmit 10-Gb/s signals over 65-km SSMF. The dispersion 
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Figure  3.12: Measured dispersion tolerance for the uncoded 27-1 PRBS signal and the 
line-coded signals at their corresponding line rates. If not stated otherwise, the PRBS 
length used in these measurements is 220-1. 
 
Figure 3.13 demonstrates the BER curves measured after 65-km transmission. 
There is no evidence of error floors using 5B/6B and 8B/10B coding. Due to the large 
bandwidth expansion by the overhead, however, there are large dispersion-induced 
penalties, and thus, we are not able to achieve a BER of 10-9 at the maximum received 
signal power of -14 dBm.  
It should be noted that the laser wavelength should be precisely aligned to the DI. 
This could be achieved by applying a low-frequency electrical tone signal to the DML 




the wavelength drift between the DML and DI, we can control the laser wavelength to 
be locked to the DI. This can be readily applied to WDM systems without additional 
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Figure  3.13: BER curves after 65-km transmission over SSMF for the uncoded 27-1 
PRBS signal and the line-coded signals at their corresponding line rates. If not stated 



















Figure  3.14: Schematic diagram of wavelength-division-multiplexed CPFSK-ASK 





In this case, the channel spacing should be adjusted according to the FSR of the 
DI such that the DI spectral nulls are aligned to the marks of the channels. To 
discriminate between the channels, each DML is applied with a tone signal having a 
unique frequency. Since the line coding depletes the low-frequency spectral contents 
of the signal, the tone signal would not interfere with the data signal, provided that the 
tone frequency is lower than tens of MHz.  
3.5 Summary 
We have experimentally investigated the application of various line codes (8B/10B, 
5B/6B, 7B/8B, 9B/10B, and 64B/66B) to enhance the performance of 10-Gb/s 
CPFSK-ASK signals generated with a DML and a DI. We take into consideration the 
bandwidth expansion induced by the overhead of each line code for fair comparison. 
A long PRBS length of 220-1 is also used for all the line codes to accurately examine 
the pattern dependency.  
We have performed a set of receiver sensitivity measurements over SSMF to 
evaluate the performance of the line codes. Among the five codes we tested, 9B/10B 
exhibits the best performance whereas a marginal improvement is achieved with 
64B/66B. This is because 9B/10B coding can greatly deplete the low-frequency 
spectral contents of the signals, yet it expands the bandwidth by 11.11% only. Using 
this line coding, we achieve 65-km transmission of directly modulated 10-Gb/s 
signals without any dispersion compensation. The dispersion-induced penalty is 
measured to be 2.5 dB. Therefore, we believe that the use of 9B/10B for DMLs can be 






Chapter 4  
Directly-Modulated Laser Driven by  




Despite their merits, one of the biggest stumbling blocks to the widespread use of 
DMLs is the modulation bandwidth limitation (typically <20 GHz) by the nonlinear 
gain effect and the carrier transport lifetime [5, 37, 79]. In a typical semiconductor 
laser, the resonance frequency Rf  is a figure-of-merit which determines the maximum 
direct modulation bandwidth [80]. For most lasers, the 3-dB modulation bandwidth 
( dBf3 ), defined as the frequency at which the modulation output is reduced by a factor 













GPff     (4.1)
where G
 
is the net rate of stimulated emission, bP  is the output power at the bias 
level, and p
 
is the photon life time related to the excited energy level.  
Several studies have been reported to increase the resonance frequency of DMLs 
including optical injection locking [80-82]. In a conventional laser, as the bias current 
increases, both the damping and resonance frequency increase, thereby limiting the 
maximum modulation bandwidth. In injection-locked lasers, the damping may 
actually decrease as the resonance frequency increases, allowing very efficient 
modulation response at extremely high frequencies.  




structure to alleviate the modulation bandwidth limitation of the DML. We 
demonstrate a 10-Gb/s DML-based transmitter driven by 3.5-GHz-bandwidth 
electrical signals. This greatly relieves the modulation bandwidth requirements of the 
DML and it is expected that 20-Gb/s signals can be accommodated with a 7-GHz-
bandwidth DML using this approach. To be noted that the proposed scheme can be 
applied in conjunction with the device approaches descried above (e.g., using optical 
injection locking) to support even higher modulation speeds.  
In the proposed system, the DML is driven by duobinary signals generated by 
filtering NRZ signals with a low-pass filter (LPF) [83]. The ternary FSK signals 
generated at the DML output are then converted into binary CPFSK/ASK signals 
using a DI [84]. To avoid the performance degradation caused by the non-uniform FM 
response of the DML especially at low frequencies, we employ DC-balanced 9B/10B 
line coding [63]. Two schemes are demonstrated in this chapter, one using the 
destructive port of the DI (hereafter referred to as destructive-port scheme) and the 
other using the constructive port (hereafter referred to as constructive-port scheme).   
This chapter is organized as follows. Section 4.2 is devoted to discuss proposed 
transmitter using the destructive-port scheme. The principle of operation is first 
introduced in Section 4.2.1, followed by the experimental setup and results in Section 
4.2.2 and 4.2.3, respectively. Section 4.3 focuses on the constructive-port scheme. 
The remaining sections introduce the principle of operation, experimental 






4.2 Destructive-Port Scheme 
4.2.1 Principle of Operation 
The proposed transmitter is depicted in Figure 4.1. It consists of a DML, a DI, and an 


































































Figure  4.1: Principle of operation using the destructive-port scheme (a) NRZ data, (b) 
duobinary-encoded DML driving signal, (c) ternary FSK signal at the DML output 
(frequency profile), (d) intensity profile of the signal at the DML output, (e) 
CPFSK/ASK signal at the DI output, and (f) mark-level-equalized CPFSK/ASK 
signal at the OBPF output.  
 
 The data are first encoded using 9B/10B encoder and then precoded. The purpose 
of precoding is to avoid error propagation at the receiver, just like in duobinary 




through an LPF as illustrated in Figure 4.1 (b). The duobinary signals are applied 
directly to the DML to generate ternary FSK signals with corresponding frequencies f0, 
f1, and f2 [Figure 4.1 (c)]. The FSK signals are then converted into CPFSK/ASK 
signals by passing through the destructive port of the DI, where the peak frequencies 
of the DI are located at f0 and f2 while its null frequency at f1, as shown in Figure 4.1 
(c). The f1 components at the DML output are then suppressed by the DI, constituting 
the spaces of the signals (i.e., ‘0’ bits), whereas both f0 and f2 components are given 
high transmittance, and hence constitute the marks (i.e., ‘1’ bits) [Figure 4.1 (e)]. 
However, the current modulation of the DML is always accompanied by intensity 
modulation as illustrated in Figure 4.1 (d). As a result, the marks have two different 
intensity levels, a low level which corresponds to the f0 component and a high level 
corresponding to the f2 component as shown in Figure 4.1 (e). This split in the mark 
level can be readily suppressed by using an OBPF with its skirt located at f2 which 
gives a low transmittance to the high-level marks, and consequently equalizes the split 
in the mark level as shown in Figure 4.1 (f).  
4.2.2 Experimental Setup 
The experimental demonstration of the destructive-port scheme is verified using the 
setup shown in Figure 4.2. NRZ signals with a PRBS length of 220-1 are first encoded 
offline by a 9B/10B line encoder and then precoded. Due to the overhead of the 
9B/10B coding, the line rate is increased by 11.11%. The precoded signals are 
encoded into duobinary signals using a 3.5-GHz LPF and then fed to a commercial 
DML operating at 1549 nm. The LPF bandwidth falls within the typical range of 
duobinary transmitters (i.e., 1/4 to 1/3 of the line rate) [86, 87]. The DML is biased at 




obtaining an output power of 6.5 dBm. The optimum driving voltage to the DML is 
found to be 2.0 Vpp, at which the peak-to-peak frequency deviation of the ternary FSK 

































Figure  4.2: Experimental setup for demonstration of the destructive-port scheme. The 
insets are the measured optical spectra at (a) DML output (the DI wavelength 
response is plotted in red), (b) DI output (the OBPF wavelength response is plotted in 
red), and (c) OBPF output, and the measured eye diagrams at (d) DML output, (e) DI 
output, and (f) OBPF output. 
 
 The optical spectrum and eye diagram at the DML output are depicted in Figure 
4.2 (a) and (d), respectively. The DML output is sent to a DI with an FSR of 10.7 
GHz. Figure 4.2 (b) and (e) show the optical spectrum and eye diagram at the DI 
output, respectively. A split in the mark levels caused by the intensity modulation of 
the DML is clearly observed in Figure 4.2 (e). However, the use of OBPF equalizes 
the mark level as shown in Figure 4.2 (f). The optical spectrum in Figure 4.2 (c) also 




~8 dB. CPFSK/ASK signals with -3-dBm optical power are launched into an SSMF 
and detected with a PIN receiver. 
4.2.3 Experimental Results 
We first measure the back-to-back performance of the proposed system using the 
destructive-port scheme. Figure 4.3 shows the BER curve of the 9B/10B-coded 
signals running at 11.06 Gb/s. Also plotted, for comparison, are the BER curves 
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Figure  4.3: Measured back-to-back BER of the destructive-port scheme. The BER 
curves using uncoded PRBS of length 27-1 and 29-1 at 9.95 Gb/s are plotted for 
comparison. 
 
 The receiver sensitivities (at BER=10-9) using 27-1 and 29-1 PRBSs are measured 
to be -18.5 and -11 dBm, respectively, whereas an error floor is observed at a BER of 
~10-4 with uncoded 220-1 PRBS (not shown in Figure 4.3). As explained in Chapter 2, 
a short PRBS length cannot represent real data, and thus, the pattern dependency 
implies a system penalty in real systems. The pattern dependency observed in Figure 




9B/10B coding depletes the low frequency contents of the signal, and thereby 
mitigates these pattern-length dependencies. Using 9B/10B line coding, we achieve a 
good receiver sensitivity of -17.6 dBm at a PRBS length of 220-1. The 0.9-dB penalty 
with respect to the uncoded 27-1 PRBS should be in part attributed to the line-rate 
increase [63]. The efficacy of mark-level equalization using OBPF is also evaluated 
using BER measurements. Without the OBPF, a poor BER of 710-3 is observed at a 
received power of -12 dBm. 
We next measure the dispersion tolerance of the proposed scheme. Figure 4.4 
shows the receiver sensitivity as a function of the accumulated dispersion. The 
corresponding eye diagrams are demonstrated in Figure 4.5. The dispersion window, 
defined as the allowable amount of dispersion inducing less than 2-dB power penalty, 
is measured to be 300 ps/nm. This indicates that the generated 10-Gb/s signals at 

























Figure  4.4: Measured dispersion tolerance using the destructive-port scheme. 
 




between the DML and the optical filters and plot in Figure 4.6. In these measurements, 
we stabilize the optical filters and vary the bias current of the DML to fine tune the 
operating wavelength. The figure shows that the frequency offset should be kept 
within around 150 MHz to keep the penalty below 2 dB. Since both the DML and DI 
are located at the transmitter side, the DML wavelength could be precisely aligned to 
the optical filters by utilizing a frequency monitoring module [78]. 
(a) -400 ps/nm (c) 510 ps/nm(b) 0 ps/nm 
 
Figure  4.5: Measured eye diagrams using the destructive-port scheme when the 
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Figure  4.6: Measured sensitivity penalty incurred by the frequency offset between the 






4.3 Constructive-Port Scheme 
4.3.1 Principle of Operation 
The DI has two output ports and both ports can convert the FSK signals at the DML 
output into CPFSK/ASK signals. Figure 4.7 shows the principle of operation when the 
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Figure  4.7: Principle of operation using the constructive-port scheme (a) NRZ data, (b) 
duobinary-encoded DML driving signal, (c) ternary FSK signals at the DML output 
(frequency profile), and (d) CPFSK/ASK signals at the DI output. 
 
Just like the case with the destructive-port scheme, the precoded NRZ signals first 
pass through the LPF to be encoded into duobinary signals as illustrated in Figure 4.7 
(b), which are fed directly to the DML. The ternary FSK-modulated signals at the 
DML output are then converted into CPFSK/ASK signals by passing through the 
constructive port of the DI. The peak frequencies of the DI are aligned to the f1 
components of the signal while the null frequencies of the DI to the f0 and f2 




components whereas both the f0 and f2 components constitute the spaces [Figure 4.7 
(d)]. Unlike the destructive-port scheme in Section 4.2, the OBPF, which is required 
to equalize the mark levels, is not needed since the marks of the constructive-port 
scheme are composed of a single frequency component. 
4.3.2 Experimental Setup 
The constructive-port scheme is also experimentally demonstrated using the same 
setup as in Figure 4.2. In this case, however, we remove the OBPF and utilize the 
constructive port of the DI. The optimum driving voltage to the DML is found to be 
2.3 Vpp in this case, at which the peak-to-peak frequency deviation of the FSK signals 
at the DML output is ~9 GHz. Figure 4.8 (a) shows the optical spectrum of the signal 























Figure  4.8: Measured optical spectra using the constructive-port scheme at (a) DML 
output (DI wavelength response is plotted in red), and (b) DI output. Optical eye 
diagrams at (c) DML output and (d) DI output. 
 
As explained in Section 4.3.1, the null frequencies of the DI are positioned to 
extinguish the edge frequency components of f0 and f2. The optical spectrum and eye 
diagram of the CPFSK/ASK signals at the DI output are shown in Figure 4.8 (b) and 
(d), respectively. The ER of the signals is measured to be ~11 dB. The signals are 
then launched into the SSMF with an optical power of 1.7 dBm and detected with a 




output power than the destructive-port scheme. 
Throughout the demonstration using the constructive-port scheme, the line rate is 
fixed to 9.95 Gb/s regardless of whether the line coding is used or not. This is because 
the FSR of the DI is not optimized for this scheme. In the destructive-port scheme, the 
DI suppresses the f1 component only. Thus, even though |f2-f0| deviates from the FSR 
of the DI, it induces power loss only. In the constructive-port scheme, on the other 
hand, the DI needs to suppress two frequency components, f0 and f2. The mismatch 
between |f2-f0| and the FSR thereby leads to a poor ER and degraded performance.  
4.3.3 Experimental Results 
The back-to-back BER performance is depicted in Figure 4.9. Also plotted are the 
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Figure  4.9: Measured back-to-back BER of the constructive-port scheme. The BER 
curves using uncoded PRBSs of length 27-1, 29-1, and 211-1 are plotted for 
comparison. The signals operate at 9.95 Gb/s.  
 
 The receiver sensitivities are measured to be -17.7 and -16.4 dBm using uncoded 




~10-7 with the uncoded 211-1 PRBS. Using 9B/10B line coding, however, we achieve 
a good receiver sensitivity of -17.4 dBm at a PRBS length of 220-1. 
 The dispersion tolerance of the constructive-port scheme is shown in Figure 4.10. 
The dispersion window is measured to be -200~800 ps/nm, exhibiting asymmetry 
around the zero dispersion in favor of positive dispersion. We ascribe this to the 
asymmetric optical spectrum of the signals. Due to the narrower spectral width, the 
























Figure 4.10: Measured dispersion tolerance using the constructive-port scheme.  
 
Finally, we measure the sensitivity penalty caused by the frequency offset 
between the DML and the DI and depict in Figure 4.11. In this measurement, we 
stabilize the DI and vary the bias current of the DML to fine tune the operating 
wavelength. Figure 4.11 shows that the frequency offset should be kept within around 
150 MHz to keep the sensitivity penalty below 2 dB.  




incurred by the DI and OBPF can be shared by multiple users via replacing the OBPF 
for each channel with a single wavelength-offset WGR as shown in Figure 4.12. The 
periodicity of the DI also enables us to utilize a single DI at the output of the WGR. 
The increased cost per customer (caused by the OBPF and DI) thereby becomes 
insignificant as the number of users increases. 




















Figure  4.11: Measured sensitivity penalty incurred by the frequency offset between 


















Figure  4.12: Schematic diagram of WDM downstream transmission system using the 






In this chapter, we have proposed and demonstrated the generation of 10-Gb/s 
NRZ signals using a DML driven by highly band-limited electrical signals (3.5-GHz-
bandwidth duobinary signals) followed by a DI. The ternary FSK signals at the DML 
output are converted into binary CPFSK/ASK signals through the DI. We utilize 
9B/10B line coding to overcome the non-uniform FM response of the DML. Using 
the proposed transmitter, we have experimentally demonstrated two schemes: one 
using the constructive port of the DI and the other using the destructive port. Both 
schemes exhibit good receiver sensitivity and dispersion tolerance large enough to be 
used for optical access networks. The destructive-port scheme, however, outperforms 
the constructive-port one. Using the former scheme, the 2-dB dispersion window is 
measured to be 300 ps/nm indicating that the generated 10-Gb/s signals can travel up 














Chapter 5  
DC-Balanced Line Coding for the Dual Modulation of 





Long-reach access networks (>20 km) have recently received a great deal of attention 
as a promising solution that can substantially reduce the operation expenditure 
(OPEX) of broadband service providers [1], [2]. Increasing the transmission distance 
in these networks to >100 km is desirable to merge into metro networks. In this case, 
long-reach PONs can reduce the number of central offices (COs) and place numerous 
optical line terminal (OLT) equipment at a centralized location. Thus, these networks 
not only save the lease and operation fees for the COs but also they greatly simplify 
the operation and maintenance of the networks. As the data rate and transmission 
distance increase, however, high-performance, high-power optical transmitters are 
required for these cost-sensitive applications. Although DMLs offer a low-cost 
solution for access networks, the achieved reach does not support long reach access 
networks. The EML, composed of a laser diode and an EAM integrated on a single 
chip, offer several advantages for long reach access networks including small 
footprint and cost-effectiveness. However, compared to LiNbO3 MZM-based 
counterparts, EMLs still exhibit large frequency chirp with a chirp parameter typically 
ranging from -3 to 3, decreasing as the bias voltage increases [88]. This, in turn, limits 
the transmission distance over SSMF at 1550-nm window to ~80 km at 10 Gb/s [77]. 




transmission distance of EMLs. One common approach is to operate the device at 
highly negative voltage such that the output signal exhibits a negative chirp [89]. 
However, the average output power of the EML is significantly reduced in this case, 
and thus an optical amplifier may be needed at the EML output to satisfy the power 
budget, which increases the cost and complexity of the system [77, 90]. The use of 
low ER can further increase the reach [78]. This, however, results in a relatively poor 
performance for short-distance transmission [77]. 
In [77], a new approach was proposed to extend the reach of conventional EMLs 
without the need to sacrifice the optical power or ER. This approach proposes the dual 
modulation of the laser diode and EAM. The dual modulation-based transmitter 
generates CPFSK/ASK signals by directly frequency-modulating the laser diode on 
top of the data modulation of the EAM to establish a special phase correlation 
between the adjacent bits. The FM produced by the DML induces π phase shifts at 
every space. These phase shifts are known to provide optical duobinary with 
increased dispersion tolerance compared to conventional ON-OFF keying (OOK) 
format. The π phase shift is achieved at every space when the FM of the DML is equal 
to half the data rate. Using this approach, a dispersion-uncompensated transmission at 
10 Gb/s was reported over 175- and 125-km SSMF when the DML was modulated 
with inverted and non-inverted data, respectively. In this approach, however, a large 
pattern dependency was observed at long transmission distance due to the non-
uniform FM response of the DML at low frequency range [63, 91]. When the FM 
efficiencies of the DML are not constant over the entire frequency range of a long 
PRBS, both the amount of phase slip at the space and the frequency chirp at the 




To cope with this problem, a new DML integrated with EAM was designed using 
a semi-insulated semiconductor buried heterostructure (SI-BH) and a shorter cavity 
length in order to enhance the non-uniform FM response of the DML and produce a 
flat FM response [92]. Similarly, in [93] a new device using sub-mount QW 
AlGaInAs structure was utilized to exhibit a flat FM response, and the modulation 
indices of the DML and EAM were balanced for optimum performance. However, 
such approaches require modifying the laser structure in order to produce a highly flat 
FM response.  
In this chapter, a system approach is introduced rather than changing the device 
structure and characteristics. The use of DC-balanced line coding is proposed to 
enhance the performance of the dually modulated DML-EAM transmitter. The line 
coding depletes the low-frequency spectral contents of the signal falling in the non-
uniform region of the DML FM response such that only the uniform region at higher 
frequency range is utilized [63, 91]. After introducing the principle of operation of the 
dual-modulation-based DML-EAM transmitter in Section 5.2, the experimental setup 
to evaluate the performance of the proposed system is described in Section 5.3. The 
experimental results are then illustrated and discussed in Section 5.4. Finally, Chapter 
5 is summarized in Section 5.5. 
5.2 Principle of Operation of DML-EAM Transmitter 
In the DML-EAM dual modulation scheme, CPFSK/ASK signals are generated by the 
FSK modulation of the DML on top of the data modulation of the EAM to establish a 
special phase correlation between the bits as mentioned earlier. Figure 5.1 illustrates 




modulated with inverted data and non-inverted data (i.e., push-pull configuration), 
respectively. 
When the DML operates at far beyond the threshold current, its FM characteristics 
are mainly determined by the adiabatic chirp. The frequency deviation of the DML is 
then proportional to the modulation current, which is expressed as [77] 
Iff  01   [5.1] 
where   f1  and f0  are the frequencies at the mark and space, respectively,   is the FM 
efficiency of the DML, and   I  is the modulation current. Figure 5.1 (a) and (b) show 
the output intensity waveforms of the DML and EAM, respectively. The high ER of 
the EAM eliminates the mark portion of the DML signal, leaving the space portion at 
the output of the EAM. In the frequency domain, this can be understood in a way that 
the EAM carves out the   f1  components of the signal, just like a narrow optical filter 
centered at   f0  and filtering out the   f1  components. Figure 5.1 (c) shows the relative 



















Figure  5.1: Principle of operation of the DML-EAM dual modulation system: (a) 
intensity and frequency waveforms at the DML output, (b) intensity waveform at the 





 The chirp of the EAM is assumed to be negligible in Figure 5.1 since the DML 
typically has larger chirp than the EAM. The relative optical phase varies as the DML 
frequency deviates from f0 . In order to achieve π phase shift at every space, the phase 
difference over a single space should be equal to π. With a raised cosine-shaped 
waveform, it can be achieved when the frequency deviation is half the data rate. For 
10-Gb/s signals, this corresponds to 5 GHz. When the aforementioned condition is 
met, the optical phase at the center of the mark slips by π every time it encounters a 
space. This phase shift at every space can greatly increase the dispersion tolerance of 
the optical signals as mentioned earlier [77]. Section 5.3 presents the experimental 
setup implemented to evaluate the performance of the proposed DML-EAM dual 
modulation scheme using DC-balanced line coding to mitigate the non-uniform FM 
response of the DML. 
5.3 Experimental Setup 
The experimental setup of the proposed DML-EAM dual modulation system is 
depicted in Figure 5.2. Since an EML with a direct-modulation capability for the laser 
diode was not available, a commercially available DML followed by an external 















NRZ data running at 9.95 Gb/s with a PRBS length of 220-1 are first encoded 
offline at a personal computer and then uploaded to the pulse pattern generator. In this 
experiment, we examine two line coding formats; 8B/10B and 9B/10B. The coded 
data and inverted data are then fed to the EAM and DML (push-pull scheme), 
respectively. Due to the coding overhead, the line rate increases accordingly to 12.44 
or 11.06 Gb/s after 8B/10B or 9B/10B coding, respectively. The DML (operating at 
1548.7 nm) is biased at 60 mA (~6 times the threshold current to make the adiabatic 
chirp dominant), obtaining an output power of 5.6 dBm.  
Unlike MZMs, EMLs have a variety of chirp and transmission characteristics, 
varying not only from vendor to vendor but also from device to device [88]. For this 
reason, we measure the transmission characteristics of the utilized EML in Figure 5.3 























Figure  5.3: Bias characteristics of the utilized EAM. TM: transverse magnetic mode, 
and TE: transverse electric mode. 
 




this bias condition, the optimum driving voltage is found to be 1 Vpp. Since the FM 
efficiency of the DML is 0.184 GHz/mA, the frequency deviation between the marks 
and spaces of the FSK signals at the DML output is ~4 GHz, which is approximately 
half the data rate.  
 Next, we measure the chirp characteristics of the utilized EML using the 
measurement method reported in [94], the experimental setup of which is depicted in 
Figure 5.4. We use an EAM driven by a sinusoidal signal from a signal generator with 
0-dBm power level and a frequency ranging from 5 to 15 GHz. The DC bias of the 
EAM is varied from 0.3 to 1.2 V. A 110- and 130-km SSMF is deployed as a 
dispersive medium, after which the signals are photo-detected and then the frequency 
response of the EAM at each bias voltage is measured using a spectrum analyzer. The 
chip parameter chirp  is then calculated using [94] 







where   fu  is the resonance frequency corresponds to the u
th null of the frequency 
response,   L  is the optical fiber length of dispersion   D , and   is the operating 







Figure  5.4: Experimental setup used to measure the chirp parameter of the EAM. 
 
 Figure 5.5 shows the measured chirp parameter as a function of the reversed bias 




voltage. For example, at -0.7 V the chirp parameter is equal to -0.29. We also measure 
the chirp parameter of the DML at the driving conditions used during the experiment 
and it is found to be 4.7. 
The dynamic ER of the CPFSK/ASK signals at the output of the dually modulated 
transmitter is >7 dB. The generated signals with -3-dBm optical power are launched 
into an SSMF and detected using an optically preamplified receiver (optical 3-dB 





















. . .. . 1.0 1.
 
Figure  5.5: Measured chirp parameter ( chirp ) versus the reversed bias of the EAM. 
 
5.4 Experimental Results  
5.4.1 Push-Pull Configuration 
We first evaluate the performance of the proposed system using the push-pull 
configuration (i.e., the DML and EAM are modulated with inverted and non-inverted 
encoded data, respectively) as depicted in Figure 5.2. Figure 5.6 shows the measured 




configuration. For comparison, the dispersion tolerance of the uncoded PRBS data 
with lengths of 27-1 and 220-1 are measured along with that of the signal modulated 
with the EAM alone (i.e., DML modulation is OFF).  
The results show that with EAM modulation alone, we can barely achieve 80-km 
transmission over SSMF without dispersion compensation, and a large power penalty 
of 6.2 dB is observed with reference to the back-to-back case. We are unable to obtain 
a BER less than 10-9 when the distance exceeds 100 km. To be noted that this is 
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Figure  5.6: Measured dispersion tolerance using the push-pull configuration. For 
comparison, the dispersion tolerance of the uncoded PRBS data with lengths of 27-1 
and 220-1 are measured along with that of the signal modulated with the EAM alone 
(i.e., DML modulation is OFF). If not stated otherwise, the PRBS length used in these 
measurements is 220-1. 
 
As demonstrated in [77, 92, 93], the reach is significantly extended using the dual 
modulation scheme, and the receiver sensitivity using 27-1 PRBS is measured to be     




However, we are unable to achieve this reach using a long PRBS. For example, a 
sensitivity penalty of ~12 dB is observed after 141-km transmission using 220-1 PRBS. 
This pattern dependency implies a system penalty in real systems, and in this case, it 
should be attributed to the non-uniform FM response of the DML. Therefore, we 
employ DC-balanced line coding to cope with this problem.  
Figure 5.6 shows that the use of 9B/10B coding can extend the reach to 171 km. 
Compared to uncoded 27-1 PRBS, additional 4.8-dB penalty is observed with the 
9B/10B coding after 171 km. To be noted that 27-1 PRBS cannot represent real data 
and is only used as a reference. To investigate this 4.8-dB penalty, the receiver 
sensitivity is measured as a function of the transmission distance without taking the 
overhead into consideration as shown in Figure 5.7. The line rate is maintained to 
9.95 Gb/s throughout these measurements. For comparison, the measured receiver 
sensitivities using uncoded 27-1 PRBS are reproduced from Figure 5.6.  
Figure 5.7 shows that as long as the line rate is the same, both 8B/10B and 
9B/10B-coded signals exhibit nearly the same dispersion tolerance as the uncoded    
27-1 PRBS. This leads to the conclusion that both 8B/10B and 9B/10B codes are 
effective in eliminating the pattern dependency in the dual-modulation scheme and 
the additional penalty with respect to the uncoded 27-1 PRBS observed in Figure 5.6 
comes from the line-rate increase. Since the dispersion tolerance is sensitive to the 
line rate, the use of low-overhead line coding schemes, such as 9B/10B (coding 
overhead = 11.11%), is beneficial to improve the performance of dual modulation-
based EML systems. This is also evident from the performance of the 8B/10B-coded 
signal in Figure 5.6 which is by far worse than that of the 9B/10B-signal with a 




efficiently deplete the low-frequency contents of the signal, the bandwidth expansion 
corresponding to the relatively large overhead (i.e., 25%) results in a large power 
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Figure  5.7: Measured dispersion tolerance using the push-pull configuration without 
taking the coding overhead into account. The signals operate at 9.95 Gb/s and the 
PRBS length used is 220-1. For comparison, the measured receiver sensitivities using 
27-1 PRBS are reproduced from Figure 5.6.  
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Figure  5.8: Optical eye diagrams at the back-to-back case achieved with (a) EAM-
modulation alone (DML modulation is OFF), and dual modulation scheme (push-pull 
configuration) using (b) uncoded 27-1 PRBS, (c) uncoded 220-1 PRBS, (d) 8B/10B-, 
and (e) 9B/10B-coded signals. If not stated otherwise, the pattern length used is 220-1.  
 
The measured optical eye diagrams at the back-to-back condition with and 
without line coding are shown in Figure 5.8. Figure 5.9 shows the eye diagrams at the 
















Figure  5.9: Optical eye diagrams at the maximum reach achieved with (a) EAM-
modulation alone (DML modulation is OFF), and dual modulation scheme (push-pull 
configuration) using (b) uncoded 27-1 PRBS, (c) uncoded 220-1 PRBS, (d) 8B/10B-, 
and (e) 9B/10B-coded signals. If not stated otherwise, the pattern length used is 220-1. 
 
5.4.2 Push-Push Configuration 
Next we evaluate the performance of the proposed system using the push-push 
scheme where the DML is modulated with non-inverted data. The major advantage of 
this configuration is that the DML and EAM are both modulated with the same non-
inverted data. Since the DML requires a small current for modulation, only a tiny 
portion of the EAM input signal can be tapped off and applied to the DML, which 
will simplify the packaging of the dual-modulation-based transmitter [77].  
Figure 5.10 shows the dispersion tolerance measured using the push-push 
configuration. The back-to-back receiver sensitivity of the 9B/10B-coded signal is 
measured to be -30.5 dBm (4.5-dB penalty compared to the push-pull configuration). 
The receiver sensitivity is degraded by ~7 dB at 50 km owing to the pulse broadening 
by the positive chirp. After 141 km, the receiver sensitivity is measured to be -16 
dBm with a power penalty of 14.5 dB with respect to the back-to-back case. However, 
using 220-1 PRBS (without any line coding), the maximum reach we can achieve is 
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Figure  5.10: Measured dispersion tolerance using the push-push configuration. For 
comparison, the dispersion tolerance of the uncoded PRBS data with lengths of 27-1 
and 220-1 are measured along with that of the signal modulated with the EAM alone 
(i.e., DML modulation is OFF). If not stated otherwise, the PRBS length used in these 
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Figure  5.11: Measured dispersion tolerance using the push-push configuration without 
taking the coding overhead into account. The signals operate at 9.95 Gb/s and the 
PRBS length used is 220-1. For comparison, the measured receiver sensitivities using 





 We also measure the BER performance of the 9B/10B- and 8B/10B-coded signals 
at 9.95 Gb/s using the push-push configuration as demonstrated in Figure 5.11. The 
receiver sensitivities after 171 km are -23.8 and -25.6 dBm for the 9B/10B- and 
8B/10B-coded signals, respectively, which correspond to 0.6-dB penalty using 
9B/10B coding and 1.2-dB improvement using 8B/10B format with respect to 27-1 
PRBS.  
 The measured eye diagrams for the push-push configuration are shown in Figure 
5.12 and Figure 5.13. The ER is measured to be 5.5~6.5 dB for all the cases. 
(a) EAM only (d) 8B/10B (e) 9B/10B(c) PRBS 220-1(b) PRBS 27-1
 
Figure  5.12: Optical eye diagrams at the back-to-back case achieved with (a) EAM-
modulation alone (DML modulation is OFF), and dual modulation (push-push 
configuration) using (b) uncoded 27-1 PRBS, (c) uncoded 220-1 PRBS, (d) 8B/10B-, 
and (e) 9B/10B-coded signals. If not stated otherwise, the pattern length used is 220-1. 
 












Figure  5.13: Optical eye diagrams at the maximum reach achieved with (a) EAM-
modulation alone (DML modulation is OFF), and dual modulation (push-push 
configuration) using (b) uncoded 27-1 PRBS, (c) uncoded 220-1 PRBS, (d) 8B/10B-, 
and (e) 9B/10B-coded signals. If not stated otherwise, the pattern length used is 220-1. 
 
5.5 Summary 
The use of DC-balanced line coding has been proposed and demonstrated to avoid the 




transmitter. The proposed scheme is experimentally demonstrated using two 
configurations: (1) push-pull configuration where the DML and EAM are modulated 
with inverted and non-inverted encoded data, respectively, and (2) push-push 
configuration where the DML and EAM are both modulated with non-inverted 
encoded data.  
We have evaluated the performance of the proposed system by measuring the 
receiver sensitivity over SSMF. The measurements show that DC-balanced line 
coding is effective in eliminating the pattern dependency in the dual modulation-
based transmitter caused by the non-uniform FM-response of the DML. However, the 
low overhead is essential to gain benefit from the line coding. The results also show 
that the push-pull configuration outperforms the push-push scheme. Using 9B/10B 
line coding, we achieve 171- and 141-km transmission over SSMF using push-pull 













Chapter 6  
DC-Balanced Line Coding for Downlink Modulation using 




High bandwidth applications such as storage networking, video streaming/sharing, 
and online gaming continue to drive greater bandwidth demands for next-generation 
broadband access networks. To address the growing capacity, security, and distance 
requirements while leveraging the benefits of a passive infrastructure, WDM PONs 
are considered to be the most scalable and future-proof solution. A key advantage of 
WDM PONs is the assignment of dedicated wavelength channels to each optical 
network unit (ONU) while having double-star architecture. This not only guarantees 
large capacity and high security for each ONU, but also facilitates graceful 
upgradability and network flexibility [95-97]. Figure 6.1 shows a schematic diagram 
of a WDM-PON system.  
The DML-based transmitters demonstrated in Chapter 3 through 5 of this thesis, 
offer cost-effective solutions for downstream transmission in WDM PONs. These 
transmitters, however, are not colorless and thus their implementation at the ONUs 
for upstream transmission is not only cost-prohibitive but also poses inventory 
management issues. To lower the cost and make WDM PONs a viable solution for 
broadband access networks, it is highly desirable to utilize colorless optical 
transmitters for upstream transmission. Identical optical transmitters, which operate at 
any wavelength, can be used for any ONU to substantially lower the operation cost 




optical transmitters based on reflection-type opto-electronic devices, such as RSOA 































Figure  6.1: Schematic diagram of a WDM-PON system. MUX: multiplexer, and 
DeMUX: demultiplexer. 
 
In these approaches, the reflection-type devices operate in a colorless manner by 
imposing upstream data on the incoming seed light from the CO. Therefore, the 
wavelength-specific light sources can be all located at the CO, providing service 
providers with centralized management of the failure-prone light sources. In most of 
these schemes, however, the seed light is CW light and it is expected that an 
additional light source operating at a different wavelength should be provided for each 
ONU to support downstream transmission. From the viewpoint of implementing 
WDM PONs in a very cost-effective way, it is highly desirable to utilize a single light 
source for both downlink and uplink [101-105]. In such wavelength reuse schemes, a 
portion of the downstream signal is detected at the ONU and the other portion can be 
reused for upstream transmission. As aforementioned, DML-based transmitters offer a 
cost-effective solution for this purpose.  
Nevertheless, the performance of these wavelength-shared schemes is limited by 




approaches have been proposed to mitigate the unwanted interference. One previous 
approach is to operate the RSOA in the saturation regime [101, 106]. Provided that 
the ER of the downstream signals is low (e.g., 3 dB) and the injection power into the 
RSOA is high, the saturated RSOA keeps its output power fairly constant regardless 
of the injected downstream data pattern and erases the downstream data at the ONU. 
However, this benefit comes at the expense of poor downstream performance 
attributed to the low ER. Moreover, the modulation bandwidth of the RSOA is limited 
by the carrier lifetime to <2 GHz [107, 108], which in turn limits the upstream data 
rate typically to ~1.25 Gb/s. 
Another approach is to use orthogonal (i.e., independent) modulation formats for 
the downlink and uplink. This can minimize the interference between the downstream 
and upstream data since one modulation format can be detected without being 
affected by the other. A good example of such approach is to utilize phase-shift 
keying (PSK) or FSK modulation formats for the downstream transmission whereas 
OOK is utilized for the uplink [107, 109]. The constant-envelope downstream light 
injected into the RSOA does not interfere with the OOK-modulated RSOA output, 
enabling independent operation of both downstream and upstream transmission. 
However, the constant envelope of the downstream signals is guaranteed only in the 
absence of fiber dispersion. Thus, the advantages of orthogonality between the 
downstream and upstream modulation formats subside as the transmission distance 
over dispersive fiber increases. More importantly, this approach requires an optical 
PSK or FSK demodulator at each ONU, making the subscribers’ premises costly and 
complicated.  It obviously weakens the original purpose of developing a centralized 




A proper choice of line coding can also greatly reduce the interference between 
the downstream and upstream data, especially in asymmetric bidirectional WDM 
PONs [110]. For instance, Manchester coding,  a DC-free line coding with at least one 
transition per symbol duration, can deplete the signal contents at low frequencies 
allowing the low-data-rate upstream signals to reside at these frequencies without 
interfering with the downstream signals [111]. However, Manchester coding doubles 
the signal bandwidth, as mentioned in Chapter 2, which in turn, limits the downstream 
data rate and makes the signals more vulnerable to fiber dispersion. This is also the 
case for inverse return-to-zero (IRZ) line coding [112].  
In this chapter, we demonstrate a cost-effective single-fiber 10-Gb/s downlink, 
2.5-Gb/s uplink WDM-PON system using DMLs and RSOAs for downlink and 
uplink, respectively. For high cost-effectiveness, we utilize a single centralized light 
source based on DML at the CO for bidirectional transmission. We examine the use 
of various DC-balanced line codes, including 9B/10B, 7B/8B, 5B/6B, and 8B/10B, to 
ameliorate the performance of both the downlink and uplink. Particularly, we employ 
DC-balanced line coding for the downstream modulation for two purposes: (1) to 
improve the performance of the FSK-modulated DML signals, and (2) to reduce the 
interference between the downstream and upstream signals.  
This chapter is organized as follows. The principle of operation is first introduced 
in Section 6.2, followed by the experimental setup and results in Section 6.3 and 6.4, 
respectively. Finally the chapter is summarized in Section 6.5. 
6.2 Principle of Operation 
The proposed WDM-PON system is depicted in Figure 6.2. DMLs are utilized for 




The downlink data at the CO are first encoded and then fed to the DML for FSK 
modulation. The FSK-downstream signals are multiplexed  through a WGR and fed 
to the DI to be converted into OOK format. The signals are then launched into the 
feeder fiber to be demultiplexed by another WGR at the remote node. The optical 
power received at the ONU is split into the downlink receiver and the RSOA. For 
uplink, the light injected into the RSOA is remodulated by the upstream data. The 
OOK upstream signals from the ONUs are multiplexed at the remote node and then 




























Figure  6.2: The proposed wavelength-shared bidirectional WDM-PON system. 
 
In this system, we exploit DC-balanced line coding for two purposes. First, the 
line coding can alleviate the performance degradation of the FSK-modulated 
downstream signal induced by the non-uniform FM response of the DML as discussed 
in Chapter 3 [63]. Second, the DC-balanced line coding can reduce the power 
fluctuation of the injected seed light averaged over the upstream symbol duration. 




difference between the number of ones and zeros) in the downstream data, and thus 
when the encoded downstream data are averaged over the upstream symbol duration 
(assuming that the upstream symbol duration is larger than the downstream symbol 
duration) they tend to converge at (P1+P0)/2, where P1 and P0 are the powers of ‘1’ 
and ‘0’ bits, respectively. The power fluctuation of the injected seed light averaged 
over the upstream symbol duration is thereby reduced, which in turn, suppresses the 
interference between the downlink and uplink data [105]. We use computer 
simulation (VPI TransmissionMaker) to plot the waveforms of the downstream signal 
with and without DC-balanced line coding (8B/10B code is used as an example) as 
shown in Figure 6.3. The figure clearly shows that the line coding suppresses the long 
runs of zeros observed in the uncoded waveform [Figure 6.3 (a)], which would be 
problematic for remodulation.   
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Figure  6.3: Waveform of the downstream data averaged over the upstream symbol 
duration (a) uncoded downstream data, and (b) 8B/10B-coded downstream data. The 
input downstream data pattern is ‘0000 1110 0101 0111.’ The data-rate ratio between 
downlink and uplink is 4.  
 
To show the efficacy of power fluctuation reduction by the line coding, we 
calculate the disparities of the downstream data over 4-symbol durations and plot 




and downlink is ~4, which implies that for each upstream symbol, 4 bits of the 
downstream data are involved in average. Therefore, the interference between the 
upstream and downstream data is determined by the power fluctuation of the 
downstream data averaged over 4-symbol durations (i.e., one upstream symbol 
duration). As shown in Figure 6.4, the disparity can be -4, -2, 0, 2, or 4. For example, 
when four consecutive bits are all ‘0’s, the disparity is -4. But, if we have one ‘0’ and 
three ‘1’s among four adjacent bits, the disparity becomes 2.   
 
Figure  6.4: Probability distribution of disparity per upstream symbol duration when 
the downstream data are (a) uncoded PRBS, (b) 9B/10B-, (c) 7B/8B-, (d) 5B/6B-, and 
(e) 8B/10B-coded signals. The PRBS length is 220-1 for all the cases.  
 
The results clearly show that the line coding suppresses the power fluctuation 
compared to the uncoded PRBS. For instance, the probability of the worst-case 
disparity (i.e., disparity=4) is 6% without the use of line coding as illustrated in 
Figure 6.4 (a). This probability is, however, reduced to 3% and 2.5% using 9B/10B 
and 7B/8B codes, respectively. It is further reduced by using codes with better DC 
characteristics such as 5B/6B and 8B/10B, resulting in probabilities of 0.8%~1.9% 
and 0.9%, respectively, but at the expense of larger overhead (Table 3-1 in Chapter 3 
summarizes the basic characteristics of the used codes).  
We also experimentally measure the average power fluctuations of the 




averaged by using a 1.9-GHz electrical LPF which is the bandwidth of the uplink 
receiver. Figure 6.5 shows the measured standard deviation of the power fluctuations. 
The standard deviation is measured to be 435 W for the uncoded downstream 























Figure  6.5: Standard deviation of the downstream power fluctuation averaged over the 
upstream symbol duration.  
 
It should be noted in Figure 6.2 that we place the DI at the CO rather than in the 
ONUs. Since the DML output is FSK-modulated with relatively small power 
fluctuation (caused by the current modulation of the DML), the use of FSK 
modulation for downlink is beneficial to substantially reduce the power fluctuation of 
the seed light, as explained above. However, this scheme requires the DI to be placed 
at each ONU, which in turn, makes the ONU costly and complicated. Besides, the 
periodicity of the DI frequency response allows us to place a single DI at the CO for 
all the WDM channels. This makes the system simple and cost-effective. In the future, 




6.3 Experimental Setup  





































Figure  6.6: Experimental setup. VOA: variable optical attenuator, and PC: 
polarization controller. The photo shows the RSOA used in the experiment. 
 
For downlink, NRZ downstream data running at 9.95-Gb/s (PRBS length = 220-1) 
are first encoded offline using a line encoder and then passed through a DC-block 
(low cut-off frequency: 45 MHz) to further deplete the low frequency contents before 
being fed to a DML operating at 1549.5 nm and biased at 60 mA (~6 times the 
threshold current to make the adiabatic chirp dominant). Due to the coding overhead, 
the line rate increases to 11.06, 11.37, 11.94, or 12.44 Gb/s after 9B/10B, 7B/8B, 
5B/6B, or 8B/10B coding, respectively, as illustrated earlier in Table 3-1 in Chapter 3. 
The optimum driving voltage to the DML is found to be 2.5 Vpp. Since the FM 
efficiency of the DML is 0.184 GHz/mA, the frequency deviation between the marks 
and spaces of the FSK-modulated signals at the DML output is 9.2 GHz, which is 
approximately equal to the data rate. The FSK-modulated signal at the DML output is 
sent to a DI (FSR = 10.7 GHz) to be converted into CPFSK/ASK signal. The ER of 
the downstream signal is measured to be 9~10 dB. The downstream signal is then 




downstream signal passes through OBPF1 with a 3-dB bandwidth of 0.6 nm. This 
optical filter emulates a WGR at the remote node. The signal is then split two ways 
using a 50:50 optical coupler; one to the downlink receiver and the other to the 
upstream modulation using RSOA. We use a PIN receiver to detect the downstream 
signals. 
For upstream transmission, we employ an uncooled, InP buried heterostructure 
RSOA packaged in a transistor outline (TO) can. The RSOA is biased at 30 mA and 
directly modulated with 2.67-Gb/s NRZ signals (PRBS length = 223-1). Here we 
assume Reed-Solomon (255, 239) forward-error correction (FEC)-coded data with 7% 
overhead which means that the actual data rate is 2.5 Gb/s. The injected power into 
the RSOA is -11 dBm. We measure the gain curve of the utilized RSOA as a function 
of the input power and plot in Figure 6.7. The input saturation power, defined as the 
input optical power at which the signal gain is compressed by 3 dB from its small 
signal gain, is measured to be -21 dBm, thus the RSOA operates in the saturation 
region in this case. 
A polarization controller is inserted at the input of the polarization-sensitive 
RSOA to adjust the state of polarization in order to maximize the seeding efficiency. 
Polarization-insensitive RSOAs can be used for real deployment to eliminate the need 
for polarization controllers. The upstream signal passes through OBPF1 and is then 
sent back over the same feeder fiber as the downstream transmission. After 
transmission, the upstream signal passes through OBPF2 (3-dB bandwidth = 0.6 nm) 
which emulates a WGR at the CO to demultiplex the WDM channels. The upstream 


















Figure  6.7: Gain versus input power of the RSOA used in the experiment. The bias 
current is 30 mA.   
 
6.4 Experimental Results  
We measure the BER curves of the downstream signals for both back-to-back and 20-
km transmission and plot in Figure 6.8 (a) and (b), respectively. The uplink 
modulation is ON in these measurements. We also plot the BER curve of the 9B/10B-
encoded downstream signal when the RSOA is OFF for comparison.  
An error floor is observed at a BER of 910-4 after 20-km transmission when the 
downstream signal is uncoded [solid circles in Figure 6.8 (b)]. This is clearly because 
of the non-uniform FM response of the DML. The downstream performance is, 
however, remarkably improved after the use of line coding which depletes the low 
frequency contents of the signal by >15 dB, allowing the signal to utilize the flat 
region of the DML FM response [63]. The receiver sensitivities (at BER= 110-9) are 




receiver sensitivities are further improved to -17.5 and -18.0 dBm using 9B/10B and 










































PRBS 220-1 (9.95 Gb/s)




Figure  6.8: BER curves of the downstream signals when the upstream modulation is 
ON: (a) back-to-back, and (b) after 20-km transmission. Also plotted, for comparison, 
the BER curve of the downstream signal (9B/10B-encoded) when the RSOA is OFF. 
The dotted line indicates the BER threshold of 110-9. 
 
Therefore, among the four examined line codes, 9B/10B [empty circles in Figure 




8B/10B coding [empty squares in Figure 6.8 (b)] exhibits the worst downstream 
performance due to its relatively large overhead (i.e., 25%). We also measure the 
BER curve of the downstream signal when the RSOA is turned off and a penalty of 
0.5~2.0 dB is observed with respect to the downstream performance when the 
upstream modulation is ON. This should be attributed to the crosstalk between the 
downstream signal and the Rayleigh-backscattered upstream signal in the single-fiber 
loopback network. 
The back-to-back BER curves of the downstream signals are depicted in Figure 
6.8 (a). In this case, we replace the fiber link with an optical attenuator with the same 
loss (i.e., ~5.5 dB) so that the power injected into the RSOA remains unchanged. The 
measured receiver sensitivities are -17.5, -17.0, -16.2, and -16.0 dBm using 9B/10B, 
7B/8B, 8B/10B, and 5B/6B codes, respectively. On the other hand, an error floor is 
observed at a BER of 1.510-3 with the uncoded downstream signal [solid circles in 
Figure 6.8 (a)]. With respect to Figure 6.8 (a), we observe a sensitivity improvement 
of 0.5~1.0 dB after 20-km transmission [Figure 6.8 (b)], which should be attributed to 
the duobinary-like phase characteristics of the downstream signals which makes some 
amount of the fiber dispersion acts favorably on the system performance as explained 
earlier in Section 3.4 [63].  
Figure 6.9 shows the measured eye diagrams of the downstream signals at the 
back-to-back and after 20-km transmission. The eye diagrams for 9B/10B-coded 
signal [Figure 6.9 (a) and (f)] show clean eye openings. Clear eyes are also observed 
using 7B/8B, 5B/6B, and 8B/10B codes, while uncoded 220-1 PRBS shows degraded 




(a) 9B/10B, 0 km
20 ps/div
(b) 7B/8B, 0 km
20 ps/div
(c) 5B/6B, 0 km
20 ps/div
(d) 8B/10B, 0 km
20 ps/div
(e) PRBS 220-1, 0 km
20 ps/div
(f) 9B/10B, 20 km
20 ps/div
(g) 7B/8B, 20 km
20 ps/div
(h) 5B/6B, 20 km
20 ps/div
(i) 8B/10B, 20 km
20 ps/div
(j) PRBS 220-1, 20 km
20 ps/div  
Figure  6.9: Measured eye diagrams of the downstream signals when the upstream 
modulation is ON at the back-to-back and after 20-km transmission using different line 
codes for the downstream modulation. Also shown is the eye diagram using uncoded 
PRBS downstream signal for comparison. The PRBS length is 220-1 for all the cases. 
 
The BER measurements of the upstream signals are depicted for the back-to-back 
case and after 20-km transmission in Figure 6.10 (a) and (b), respectively. In the 
back-to-back case as shown in Figure 6.10 (a), we observe an error floor at a BER of 
110-9 even when the downstream modulation is OFF. This should be attributed to 
reflection-induced optical crosstalk since such error floor was not observed in a non-
loopback configuration.  
When the downstream modulation is ON, the downstream data interfere with the 
upstream data, and thus, we observe a poor BER floor of 610-4 without line coding 
[solid circles in Figure 6.10 (a)]. However, the application of line coding improves the 
error floor to be better than the FEC threshold (uncorrected BER=1.810-4). The error 
floor is improved to ~110-5 using 9B/10B and 7B/8B codes. It is further improved to 
510-6 and 310-6 using 5B/6B and 8B/10B codes, respectively. The receiver 
sensitivities of the upstream signals range between -22.1 dBm (using 9B/10B coding) 
and -22.8 dBm (using 8B/10B coding). Therefore, the upstream signal exhibits the 




because, as illustrated in Figure 6.4 and 6.5, 8B/10B-coded downstream signal 
















































Figure  6.10: BER curves of the upstream signals when the downstream modulation is 
ON: (a) back-to-back, and (b) after 20-km transmission. Also plotted, for comparison, 
the BER curve of the upstream signal when the downstream modulation is OFF. The 
dotted line indicates the BER threshold of FEC at 1.810-4. 
 
The BER curves of the upstream signals after 20-km transmission are depicted in 




fluctuations exhibit better upstream performance. For example, the receiver sensitivity 
is measured to be -20.5 dBm using 9B/10B coding. The receiver sensitivity is 
improved to -21.5 dBm using 8B/10B coding thanks to the low power fluctuations of 
the downstream signal in this case. Compared to the back-to-back results in Figure 
6.10 (a), the upstream signals exhibit 1.0~1.5-dB penalty after 20-km transmission, 
which should be attributed to Rayleigh backscattering. In a single-fiber loopback 
network, Rayleigh backscattering-induced crosstalk can limit the upstream 
performance in two ways: Rayleigh backscattered seed light interferes with the 
upstream data signal (type I) and Rayleigh backscattered upstream data signal is 
modulated again by RSOA and interferes with the upstream data signal (type II) [114].  
(a) 9B/10B, 0 km
20 ps/div
(b) 7B/8B, 0 km
20 ps/div
(c) 5B/6B, 0 km
20 ps/div
(d) 8B/10B, 0 km
20 ps/div
(e) PRBS 220-1, 0 km
20 ps/div
(f) 9B/10B, 20 km
20 ps/div
(g) 7B/8B, 20 km
20 ps/div
(h) 5B/6B, 20 km
20 ps/div
(i) 8B/10B, 20 km
20 ps/div
(j) PRBS 220-1, 20 km
20 ps/div  
Figure  6.11: Measured eye diagrams of the upstream signals when the downstream 
modulation is ON at the back-to-back and after 20-km transmission using different line 
codes for the downstream modulation. Also shown are the eye diagrams using 
uncoded PRBS downstream signals for comparison. The PRBS length is 220-1 for all 
the cases. 
 
Figure 6.11 shows the measured eye diagrams of the upstream signals. When the 
downstream data are uncoded [Figure 6.11 (e) and (j)], the upstream signal exhibits 
degraded eye diagrams with scattered dots in the middle of the eyes. When DC-
balanced line coding is applied to the downstream signal, the eye diagrams exhibit 




Finally, we make the power budget analysis of the proposed system depicted in 
Figure 6.2 using different line codes and summarize in Table 6-1.  
Table  6-1: Power budget analysis 
 Downlink Uplink 






WDM (2) 8.0 8.0 
Delay interferometer 5.0 N/A 
Optical circulator 1.0 1.0 
20-km fiber link 5.0 5.0 
Optical coupler 3.0 3.0 












9B/10B -18.0 2.0 -20.5 7.0 
7B/8B -17.5 1.5 -20.7 7.2 
5B/6B -17.0 1.0 -21.4 7.9 
8B/10B -16.5 0.5 -21.6 8.1 
 
The output power of the DML is ~6 dBm, and the total loss in the downlink is 
estimated to be 22 dB. When 9B/10B coding is used, the downlink can accommodate 
up to 2.0-dB additional loss before the BER drops below 110-9, thanks to its low 
coding overhead (i.e., 11.11%). The downlink power margin is reduced to 1.5 and 1.0 
dB with 7B/8B and 5B/6B codes, respectively, whereas it is as low as 0.5 dB using 
8B/10B line coding.  
Table 6-1 also shows that the uplink exhibits large power margins of 7~8 dB, 
given that the RSOA output power is 3.5 dBm. Since the overall power budget is 
limited by the downstream performance, one way to improve this is to use a coupler at 
the ONU with an asymmetric coupling ratio favorable to the downlink (e.g., 30:70). 
Both the downlink and uplink power budgets can be also improved by using 





In summary, we have examined the use of a few DC-balanced line codes for 
downstream modulation in a wavelength-shared WDM PON using a DML for 
downlink and an RSOA for uplink.  
We show that the advantage of line coding is twofold. First, it significantly 
improves the performance of the FSK-downstream signals by depleting their low-
frequency contents in order to overcome the performance degradation associated with 
the non-uniform FM response of the DML at low frequencies. Second, it greatly 
suppresses the interference between the downstream and upstream data, which in turn, 
remarkably improves the upstream performance.  
Among the examined codes, the 9B/10B line coding exhibits the best downlink 
performance providing sufficient power margins. However, the use of line codes with 
better DC characteristics (e.g., 8B/10B) can improve the uplink performance, but at 
the expense of limited downlink power margins due to the downlink performance 












Chapter 7  




In this thesis, we have utilized FSK modulation of DMLs to make good use of the 
chirp-induced frequency modulation at 10 Gb/s. We employed a DI to convert the 
FSK signals into ASK format. DC-balanced line coding was used to overcome the 
performance degradation associated with the non-uniform FM response of the DML. 
The line coding depletes the low-frequency spectral contents of the signal, which fall 
in the non-flat region of the FM response (i.e., <10 MHz), such that the signal only 
utilizes the uniform region at higher frequency range. However, the application of line 
coding induces coding overhead leading to higher bandwidth requirements for the 
transmission devices. For example, 8B/10B code (mapping code based on lookup 
tables) increases the signal bandwidth by 25% due to the coding overhead (i.e., the 
raw data rate of 10 Gb/s increases to 12.5 Gb/s after coding). On the other hand, 
64B/66B coding (based on scrambling techniques) has a small overhead of 3.1% but 
with poor efficiency in eleminating the DC contents compared to the mapping codes. 
Therefore, the utilized DC-balanced line codes need to efficiently maintain low DC 
characteristics while inducing low overheads. In the case of mapping codes, 
developing such codes may significantly increase the size of the lookup tables. In this 
thesis, we only considered mapping codes having lookup tables with not more than 





In Chapter 3, various DC-balanced line codes, including 8B/10B, 5B/6B, 7B/8B, 
9B/10B, and 64B/66B, were investigated in a 10-Gb/s DML-based transmission 
system. The bandwidth expansion induced by the coding overhead of each line code 
was taken into consideration for a fair comparison. Among the examined codes, 
9B/10B exhibited the best performance whereas a marginal improvement was 
achieved with 64B/66B coding. This is because 9B/10B coding can greatly deplete 
the low-frequency spectral contents of the signals, yet it expands the bandwidth by 
11.11% only. Using this line coding, we were able to achieve 65-km transmission of 
directly modulated 10-Gb/s signals over SSMF (dispersion-induced penalty was 2.5 
dB) without any dispersion compensation. Therefore, applying suitable DC-balanced 
line coding for directly modulated systems can be beneficial for implementing cost-
effective 10-Gb/s access transmission systems. 
In the remaining chapters of this thesis, we have utilized line coding to improve 
the performance of different DML-based optical transmitters. In Chapter 4, we 
demonstrated the generation of 10-Gb/s NRZ signals using a DML driven by 3.5-
GHz-bandwidth electrical duobinary signals followed by a DI. The DI converts the 
ternary FSK signals at the DML output into binary CPFSK/ASK signals. We utilized 
9B/10B line coding to overcome the non-uniform FM response of the DML. Using 
the proposed transmitter, we demonstrated two configurations using both the 
destructive and constructive ports of the DI. An OBPF was needed in the destructive-
port scheme to equalize the observed split in the mark level. Both configurations 
exhibited good receiver sensitivities and dispersion tolerance large enough to be used 
for optical access networks. For example, using the destructive-port scheme, the 




dispersion penalty) without any dispersion compensation.  
In Chapter 5, we employed DC-balanced line coding to avoid the non-uniform FM 
response of the DML in the dual modulation-based EML composed of a DML and an 
EAM. We demonstrated this transmitter using two configurations: push-pull 
configuration where the DML and EAM were modulated with inverted and non-
inverted encoded data, respectively, and push-push configuration where the DML and 
EAM were both modulated with non-inverted encoded data. The DC-balanced line 
coding was effective in eliminating the performance degradation caused by the non-
uniform FM-response of the DML in these systems. However, the low overhead was 
essential to gain benefit from the line coding. Using 9B/10B line coding, we were able 
to achieve 171- and 141-km transmission over SSMF using the push-pull and push-
push configurations, respectively, without dispersion compensation.  
Finally, in Chapter 6, we applied DC-balanced line coding including 8B/10B, 
5B/6B, 7B/8B, and 9B/10B for the downstream modulation in a wavelength-shared 
WDM PON using a DML for downlink and an RSOA for uplink. The use of DC-
balanced line coding has two purposes. First, it alleviates the performance degradation 
of the downstream signal associated with the non-uniform FM response of the DML. 
Second, it greatly suppresses the interference between the downstream and upstream 
data, which in turn, remarkably improves the upstream performance. Among the line 
codes we tested, the 9B/10B line coding exhibited the best downlink performance 
providing sufficient power margins for downlink and uplink. However, the use of line 
codes with better DC characteristics (i.e., shorter run length and more even 
distribution of ‘1’s and ‘0’s), such as 8B/10B coding, improved the uplink 




downlink performance degradation caused by the overhead-induced bandwidth 
expansion.  
The findings of this thesis can help implementing optical access networks in a 
cost-effective way by utilizing DMLs with DC-balanced line coding. The use of line 
coding is beneficial for cost-sensitive access applications since it is a digital solution 
and can be used with the commercially available DMLs without the need to replace 
the deployed fiber links or the existing devices at the transmitter or receiver sides.  
7.2 Future Works 
In this section, some research topics are proposed for further investigation: 
 Effective DC-balanced line codes with higher bandwidth efficiency 
It will be worthy of significance to investigate more bandwidth-efficient DC-
balanced line codes that can effectively deplete the low-frequency contents of the 
signal while inducing a small coding overhead. Since developing low-overhead 
mapping codes (e.g.,  16B/17B coding) may increase the size of the lookup tables and 
consequently the complexity of the encoder, incorporating suitable scrambling 
techniques (e.g., scramble-and-select line coding [115]) can be of importance to 
design a simple and yet efficient encoder for directly modulated systems.  
 WDM systems using the proposed transmitters 
It is desirable to apply the proposed transmitters in Chapter 3 and 4 for WDM 
systems. In this case, the cost incurred by the DI (and OBPF in Chapter 4) can be 
shared by multiple users. The periodicity of the DI enables us to utilize a single DI at 
the output of the WGR for all the users. Also the OBPF required for each channel in 
Chapter 4 can be replaced with a single wavelength-offset WGR. The increased cost 




as the number of users increases. 
 DML wavelength stabilization  
In the proposed systems in Chapter 3, 4, and 6, the laser wavelength should be 
precisely aligned to the DI. This can be achieved by applying a low-frequency 
electrical tone signal to the DML and then utilizing the Fabry-Perot etalon-based 
monitoring module [78]. By monitoring the wavelength drift between the DML and 
DI, the laser wavelength can be locked to the DI. This can be readily applied to WDM 
systems without any additional DI or monitoring modules thanks to the periodicity of 
the DI. To discriminate between the different channels in this case, each DML should 
be applied with a tone signal having a unique frequency. Since the proposed line 
coding depletes the low-frequency spectral contents of the signal, the tone signal will 
not interfere with the data signal, provided that the tone frequency is lower than tens 
of MHz.  
 Supporting higher modulation speeds using DMLs 
The proposed scheme in Chapter 4 greatly relieves the modulation bandwidth 
requirements of the DML and it is expected that 40-Gb/s signals can be 
accommodated with a 14-GHz-bandwidth DML using this approach. In addition, it 
will be advantageous to implement the proposed scheme in conjunction with the 
device approaches described in Chapter 4 (e.g., using optical injection locking [80-
82]) to support even higher modulation speeds.  
 Incorporating powerful FEC codes and avalanche photo-detectors 
In Chapter 6, we assumed Reed-Solomon (255, 239) FEC coding with 7% 
overhead for the upstream data. To further improve the power margins, it is suggested 




the uplink to increase the FEC threshold from 1.8×10-4 to even higher levels. 
Additionally, both the downlink and uplink power budgets can be improved by using 
avalanche photo-detectors. 
 DC-balanced line coding for other transmission systems  
One of the other important aspects of the proposed schemes using FSK 
modulation along with DC-balanced line coding is that they can be applied to other 
transmission systems such as vertical-cavity surface-emitting lasers (VCSELs)-based 
systems to alleviate the chirp effects and extend the dispersion-limited transmission 
























The 5B/6B encoder used in this thesis follows the coding plan and rules of Table A-1 
[73]. The first column in Table A-1, under “Name” heading represents the 32 decimal 
equivalents for the 5-bit source vectors (i.e., input blocks of data) ABCDE, assuming 
A is the least significant bit (LSB) and E is the most significant bit (MSB). For regular 
data D.x, where 0≤x≤31, the line K is set to 0. Few source vectors can be part of 
special characters which are recognizable as other than data. For such cases K is set 
to x or 1. To encode special characters, K line must be 1.  
In the “Classification” columns, the logic function L04 means that there are no 1’s 
and four 0’s in ABCD, L13 means that there are one 1 and three 0’s in ABCD, and so 
on. An accent to the right of a symbol is used to represent complementation (e.g., 
E means the complement of E). A dot )(  represents the logical AND function. 
All the 6-bit codewords which are generated directly by the 5B/6B logic functions 
from the ABCDE inputs are listed under the column headed by “abcdei.” The coding 
table is designed so that a minimal number of bits must be changed on passing 
through the encoder. All the bits in column abcdei which undergone changes by the 
5B/6B logic functions are in bold type, assuming that the extra digit “i” is added with 
a normal value of 0. When the source vector meet the logical conditions listed on the 
left side under “bit encoding,” then the bold type bits are changed to the values shown 
                                                            
 
 Special characters are defined here as extra data blocks beyond the 32 needed to encode 6 bits of data. They are generally used 
to establish byte synchronization, to mark the start and end of packets, and sometimes to signal control functions such as 
ABORT, RESET, SHUTOFF, IDLE, and link diagnostics. They all comply with the general coding constraints of disparity and  




in the “abcdei” column. For example, if L04 holds, b and c digits are forced to 1’s, as 
shown for D.0 and D.16.  





The second entry in the “bit encoding” column for D.16 (L04  E) and D.31 
(L40 E) applies to the i-digit. For lines with no classification entry, the ABCDE bits 
translate unchanged into abcde and the added i-bit is ‘0’.  
Nonzero-disparity codewords are assigned in complementary pairs to a single 
source vector. The “Alternate abcdei” column on the right of Table A-1 indicates the 
complement for those ABCDE inputs with alternate codewords. The 6-bit codewords 
are complemented in conformity with the disparity rules which require that the 
polarity of nonzero-disparity codeword should alternate. In any 6-bit codeword, the 
running disparity is either +1 or -1 and never 0. The encoder determines the disparity 
and polarity in the 6-bit codeword, and then the running disparity parameter is passed 
along for encoding of the next 6-bit. The majority of the codewords are of zero 
disparity and are, with some exceptions, independent of the running disparity (i.e., 
they do not have a complement). 
The column “D-1” shows the required running disparity for entry of the adjacent 
codeword to the right. An ‘x’ in the “D-1” column means that “D-1” can be positive 
or negative. For example, if the running disparity matches (D-1) = +, the output of the 
encoder will be 011000; otherwise the codeword is complemented to 100111. The 
“D0” column indicates the disparities of the codewords under “abcdei”, which are 
either 0, +2, or -2. As in bit encoding, the encoder hardware determines directly from 
the ABCDE and K inputs the disparity of a codeword. The respective logic functions 
for classification of codewords in terms of disparity requirements are shown in a 
separate column in Table A-1. For example, for D.7 line, a pair of zero-disparity 
                                                            
 
 The disparity of a block of data is defined as the difference between the number of 1’s and 0’s in that block. Positive and 
negative disparity numbers refer to an excess of 1’s and 0’s, respectively. For the 6-bit codeword in 5B/6B coding, the permitted 




codewords (111000 and 000111) is assigned to a single data pattern with an entry 































The 8B/10B encoding is accomplished by consolidating 5B/6B and 3B/4B encoders. 
Therefore, each incoming byte is partitioned into two subblocks. The 5-bit subblock 
ABCDE is encoded into 6-bit subcodeword abcdei, following the directions of the 
logic functions and the disparity control of the 5B/6B encoder stated in Table A-1. 
Similarly, the 3-bit subblock FGH is encoded into 4-bit subcodeword fghj according 
to Table B-1. 
Table B-1: 3B/4B encoding lookup table [73] 
 
The 3B/4B encoding in Table B-1 follows the conventions and notations of Table 
A-1 in Appendix A. In Table B-1, some data blocks have two entries in the 




right one to D0. The D/K.y.A7 (alternate 7) source vector was introduced to eliminate 
the run length of 5 sequence in digits eifgh. The A7 code replaces the P7 encoding 
whenever [(e = i = 1) 
 
(D - 1 = -)] OR [(e = i = 0)   (D - 1 = + )] OR (K = 1). To 
be noted that whenever K = 1, FGH = 111 is always translated into fghj = 0111 or its 
complement. The D/K.y.A7 encoding can generate a run length of 5 across the trailing 
character boundary in the ghjab bits. However, this sequence is preceded by a run 
length of only 1 in digit 5.  
The zero-disparity 4-bit subcodeword of K.28.1, K.28.2, K.28.5, and K.28.6 are 
handled similarly to D/K.x.3 with respect to complementation in order to generate 
some special characters** with byte synchronizing for example.   
As mentioned earlier, the term disparity designates the difference between the 
number of 1 and 0 bits in a defined block of digits. All 6-bit abcdei and 4-bit fghj 
subcodewords individually, and the complete 10-bit codewords, have a disparity of 
either 0 or ±2 (i.e., each valid 10-bit codeword either has five 1’s and five 0’s or six 
1’s and four 0’s or four 1’s and six 0’s). The coding rules require that the polarity of 
nonzero disparity codewords should alternate. For this purpose, no distinction is made 
between 6-bit and 4-bit subcodewords (i.e., a surplus of two 1’s in a 6-bit 
subcodeword can be compensated by two excess 0’s in either a 6-bit or a 4-bit 
subcodeword and vice versa).  
The determination of disparity and polarity in the 6-bit subcodeword is followed 
by the corresponding operations of the 4-bit subcodeword, then the running disparity 
                                                            
 
 The run length is defined as the number of identical contiguous 1’s or 0’s in the codeword. The maximum run length in 8B/10B 
encoding is 5. 
** Special characters are defined here as extra code points beyond the 256 needed to encode a byte of data. As mentioned earlier, 





parameter is passed along for encoding of the next byte. The majority of the coded 
subblocks are of zero disparity and are, with some exceptions, independent of the 



























The 7B/8B encoding used in this thesis is based on Table C-1. As in the case of 
5B/6B and 8B/10B encoding schemes, the assignment of the codewords in the 7B/8B 
encoder to the uncoded source vectors is done in a way that minimizes the complexity 
of the encoder. This is accomplished by minimizing the number of bits changed in the 
source vectors.  
The “Name” column in Table C-1 represents the 128 decimal equivalents for the 
7-bit source vectors STUVWXY. The codewords are generated directly by the 7B/8B 
logic functions in the column headed by “Coding Class.” The primary codewords 
generated from the STUVWXY inputs are listed under the column headed by 
“stuvwxyz.” All the bits in column stuvwxyz which undergone changes by the 7B/8B 
logic functions are in bold type, assuming that the extra digit “z” is added with a 
normal value of 0. The “Alternate stuvwxyz” column indicates the complement for 
stuvwxyz codewords. The 8-bit codewords are complemented in conformity with the 
disparity rules, which require that the polarity of nonzero-disparity codeword should 
alternate.  
The column headed by “DB” (i.e., block disparity) on the right represents the 
disparity for the primary codeword. In 7B/8B coding, the permitted disparity is either 
0, ±2, or ±4. For example, if there are three 1’s and five 0’s in the codeword, the 
disparity is -2.  
The column headed by “DR” (i.e., required entry disparity) indicates the polarity 




The column with the “Coding Class” heading defines the logic functions defined 
in [75] to generate the 8-bit codewords. In these logic functions, the first capital letter 
B, D, or F indicates the disparity of the codeword: B indicates a balanced codeword, P 
indicates a complementary pair of balanced codewords which are selected based on 
the polarity of the running disparity, D (dual) indicates a complementary pair of 
codewords with a disparity of two, and F indicates a complementary pair of 
codewords with a disparity of four. 
The second capital letter indicates the disparity of the codeword using the notation 
as follows: U and M indicate disparities of +1 and -1, respectively. C and T indicate 
disparities of +3 and -3, respectively. V and Q indicate disparities of +5 and -5, 
respectively. H and S indicate +7 and -7 disparities.  
A third capital letter, if present, indicates the value of the control input bit, K. The 
third and following capital letters other than K mark the bits in the source vector, if 
any, which must be complemented to obtain the respective codeword. The last coded 
bit ‘z’ is appended with a zero value and complemented to a value of one, if indicated 
by a classification name ending in Z. 
To illustrate, for D0, the source vector is “0000000” with a K bit of 0. The coding 
class is “DSSVX,” which means that there is a complementary pair of codewords with 
a disparity of two (D), the disparity of the source vector is -7 (S), and “SVX” 
indicates that bits S, V, and X need to be complemented (i.e., inverted). The vector 
belongs to the DR class S which requires positive (+) entry disparity, the DB class of 
























The 9B/10B line coding employed in this thesis is based on Table D-1 [74]. The table 
is generated by considering all the combinations of 10-bit patterns, and grouping the 
patterns by the number of 1’s in each pattern, and thus, a simple binomial distribution 
of bit patterns is found [74]: 
 
Of the possible 1024 bit patterns, those with excessive disparity (greater than 2 
bits disparity in absolute value) are discarded. This results in 252 balanced codewords, 
and a number of slightly imbalanced codewords. 
To address the imbalance present in the codewords of +/-1 and +/-2 bits, the 
principle of running disparity control is applied. The transmitter keeps track of the 
running disparity (i.e., the sum of the disparities of all prior codewords). If the 
encoder has a positive running disparity, then it will only encode the source vector 
into a codeword that has zero or negative disparity. Otherwise, if the encoder has a 
negative running disparity, then it will only choose a codeword that has zero or 
positive disparity. In this way, the running disparity will be bounded, and tend 
towards zero always. There are 252 codewords that are balanced, 210 codewords pairs 
with disparity of 1, and 120 codewords pairs with disparity of 2. Therefore, the total 




user data.  
The 70 extra codewords that are not needed should be chosen such that the 
maximum run length is minimized. This is possible by considering the beginning and 
ending run lengths of each codeword. For example, the codeword 0010111111 has an 
ending run length of 6 and a beginning run length of 2. If the 582 codewords are 
analyzed in this way, the distribution of ending and beginning run lengths is found to 
be as follows [74]: 
 
Knowing that there are 70 extra codewords, all the codewords that have beginning 
and trailing runs of 5 or more can be dropped. This amounts to 32 codewords 
eliminated, because there are two codewords that fall into both lists: 0000011111 and 
1111100000. Therefore, 550 codewords remain with a maximum run length of 8 (i.e., 
a codeword that ends with a run of 4 and be followed by a codeword that begins with 
a run length of 4). It is not possible to drop all the beginning and ending runs of 4, and 
thus, only the ending runs of 4 are eliminated. This suggests that 31 codewords are 
used. However, one of these 31 codewords (i.e., 0000001111) is already counted 
when the run of 6 codewords were dropped. So, 30 codewords are consumed, arriving 
at a set of 520 codewords (i.e., 582 – 32 – 30 = 520). 
The maximum run length allowed in these 520 codewords is 7. Each codeword 
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